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First guesses for the RTCC TLI processor are obtained from the use

of two subroutines, CIST and UFDATE. CIST defines the coplanar i_njection
into a simulated trajectory from an earth parking orbitV UPDATE modifies

the coplanar TLI targeting elements output by CIST to compensate for a
dispersion in the time of the psrking orbit state vector. This document

describes ho_ these two subroutines work, and how their satellite sub-
routines work.

This document is, in effect, s resume of literature distributed

during the past year and a half describing subroutines CIST and UPDATE

and their use. This literature consists of numbered memorandums and

informal handouts. The basic logics of CIST and UPDATE as described

herein, have not been changed since these subroutines were first written.
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RTCC REQUIREMENTS FOR MISSION G: FIRST-GUESS

LOGIC FOR THE TLI PROCESSOR

By Francis Johnson, Jr., and Thomas J. Linbeck

1.0 SUBROUTINE CIST

I.i Purpose

CIST defines the _oplanar injection into a _imulated _rajectory from

a specific earth parking orbit. In doing this, CIST defines the TLI target-

ing elements, state vectors at the beginning and end of the coplanar TLI

thrust maneuver, the perigee state vector of the outgoing trajectory, and

the time of a parking orbit state vector, the position and velocity vari-

ables of which are input.

The basic independent variable of the primary iteration loop in CIST

can be regarded as being either the time of pericynthion (TOPCY) or the

argument (A2_M) in the moon's orbit plane (MOP) of the node between the MOP

and vehicle's orbit plane (VOP). Both TOPCY and A2M are iteratively adjust-

ed so as to drive the difference between available flight time and required

flight time to zero. Available flight time is the difference between TOPCY

and the time of trajectory perigee. Required flight time is that of the

simulated trajectory as defined by empirical equations.

The simulated trajectory in the present version of CIST is the familiar

S-shaped trajectory having pericynthion on the back side of the moon. The

simulation of this type of trajectory is described in reference i. The

following is a list of the twelve variables completely defining the perigee

and pericynthion state vectors of the simulated trajectory. In reference i

the dependence and independence of these variables are defined in terms of

individual trajectory calculation. As indicated below, the dependence and

independence of these variables in terms of CIST usage is different.
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Fericynthion variables of simulated trajectory

Independent in
reference i

Dependent in
reference i

TOPCY- Dependent, iteratively
defined, in CIST

XPC }
YPC Independent, input to,

CIST
RPC

AZPC} Not used or defined inWPC present version of CIST

Perigee variables of simulated trajectory

Independent in{FIVTL TMreference i RPG

Dependent in

reference i
FT

WPG

XPG

YPG

Dependent, iteratively

defined, in CIST

The simulation of the coplanar TLI thrust maneuver used in CIST is

described in reference 2. This simulation can accomodate different parking

orbit altitudes, thrust-to-weight ratios, any trajectory energy, and is

more accurate than simulations using multiple sets of polynomials.

1.2 System of Naming Addresses of Variables in CIST

There is a large number of variables involved in CIST logic. Experi-

ence over the past few years has shown that in the processes of debugging

and making program modifications, it is very easy for the programer to

flounder in this maze of variables unless he adheres to a consistent system

of naming the addresses of these variables. The following system, used in

the present version of CIST, has been found very convenient to work with,

and it is felt to be very adaptable to any future programing modifications.

The general logic of CIST performs an iterative juggling act of

satisfying necessary time-geometry relationships between eight different

events. These events are listed below with their corresponding numerical

identifications which will appear in the address of any variable describing

the respective event:



i. Pickup state in earth parking orbit (EPO).

2. Nodebetween the VOPand MOPin the vicinity of translunar injec-
tion (TLI).

^

3. The target vector M for TLI guidance.

4. Perigee of the translunar trajectory.

5. The impulsive (Ar, A¥, AV) simulation of the TLI maneuver.

6. Pericynthion nadir, the negative unit position vector of the moon

at the time of trajectory pericynthion.

7. Cutoff of the actual TLI thrust maneuver.

8. Initiation of the actual TLI thrust maneuver.

For instance, any address containing the number 4 will describe the

trajectory perigee. The numerical order of the above events does not imply

any chronological order.

The positions of these eight events occur in two planes, the VOP and

the MOP. The inertial orientations of these two planes are defined by the

right ascensions of their ascending nodes on the earth's equator and their

inclinations to the earth's equator. Addresses of these ascending node

right ascensions are RN, and addresses of these inclinations are FI, with

the addition of either of the letters V and M to denote whether the plane

is of the vehicle's or moon's orbit. FIV and FIM will always be positive,

between 0 and 90 ° . RNV and RNM will always be between -w and w.

Five different angles are used to describe an event in the appropriate

orbit plane (MOP or VOP). The following alphabetic system is used to

identify these different angles:

A Argument measured in orbit plane from its ascending node on

the earth's equator

B Longitude measured in the earth's equatorial plane from the

orbit's ascending node

C Declination relative to the earth's equator

RA Conventional right ascension

AZ Conventional azimuth
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The following figure illustrates the use of these five angles in

describing an event ot position in either the VOP or the MOP.

First point of Aries

RNM or RNV

MOP or VOP

)
" AZ A

,' RA A _ \ Position

k_ /__C_. ..... of event

__ _ equatorial

B plane

FIM or FIV

J

It can be seen that the RA and C of a position are independent of

which orbit plane the position lies in. However, the A, B, and AZ of a

position must relate to either one of the two orbit planes.

Of the eight dfffferent events described on the preceeding page, only
one of them, pericynthion nadir (6), always occurs in the MOP and never

occurs in the VOP. Consequently, the addresses A6, B6, and AZ6 will always

represent angles describing pericynthion nadir in the MOP.

With one exception, all of the other events will always lie in the

VOP. Consequently, there does not have to be any confusion as to which

orbit plane the angles A, B, and AZ of these events relate. The one

exception is the node (2) between the VOP and the MOP, which by definition

will always lie in both planes. To eliminate the ambiguities of the

notations A2, B2, and AZ2, the letter M or V is added to denote whether

the orbit plane concerned is the moon's or the vehicle's.

Additional alphabetic notations of variables describing an event are
as follows:

T Time, relative to base time in hours

R Radius in nautical miles



FLO Geographic longitude

V Velocity in international feet per second

All angles are expressed in radians. The address of an angle expressed
in degrees for printout purposes is the sameas its address as expressed in
radians with the addition of the letter D.

1.3 Input To and Output FromCIST, the SIMULCommonBlock

With the sole exception of the single variable (RAGBT)in the calling
argument of CIST, all input to and output from CIST occurs through a common
block (SIMUL)having 100 locations. RAGBTis the right ascension of
Greenwich in radians at the base hour PRE(3).

The SIMULblock is in commonwith the program calling CIST, CIST,
most of the subroutines of CIST, and UPDATE. There are four arrays in
SIMUL. All variables in SIMULare real.

COMMON/SIMUL/PRE(30), XMS(25), TAR(25), TRAJ(20)

1.3.1 PRE arra_.- The PRE array contains all of the input to CIST.

All of this array is not now used in the present version of CIST. Space

is made available for the additional input to a more sophisticated version

of CIST wherein the simulated trajectory can be specified with greater

flexibility. (In the present version, only the position of pericynthion

can be specified.)

Location Location

in SIMUL in PRE

.block array MNEMONIC Description

1 1 Year during which the time of the input
orbit state vector is to be defined.

2 2 Number of the day in the year in which

the midpoint (BH) occurs of the 24-hour

period within which the input orbit state
vector is to be defined.

3 3 BH G.m.t. midpoint of the 24-hour period

during which the time of the input orbit

state vector is to be defined, in hours.

4 4 CID Declination of the input orbit state

vector, in degrees.



Location
in SIMUL
block

6

7

i0

ii

12

Location

in PRE

array

i0

ii

12

_EMONIC

FL01D

AZID

RI

0RBNUM

FIPOA

FIPERT

Description

Geographic longitude of the input orbit

state vector, in degrees.

Inertial azimuth of the input orbit state

vector, in degrees.

Radius of the input orbit state vector,
in nautical miles.

Number of the inertial orbit revolution,

from the input orbit state vector, during

which TLI is to be_in. ORBNUM = 0.0

allows negative orbit coast times which

must be considered when the input orbit

state vector is an approximation to the

beginning of the TLI maneuver.

Instruction index indicating the "window"

in which TLI is to occur.

FIPOA = 1.0, the Pacific window
(AZ2V _ _I2)

FIPOA = 2.0, the Atlantic window

(AZ2V >_/2)

Instruction index indicating which pertur-

bations are to be considered in calculating

the simulated trajectory.

FIPERT = 0.0, No perturbations considered

= 1.0, Only earth oblateness con-

sidered

= 2.0, Only solar gravitation con-

sidered

= 3.0, Both earth oblateness and

solar gravitation considered



Location Location
in SIMUL in PRE
block array MNEMONIq Description,

13 13 XPC Longitude of pericynthion of the simulated

trajectory, measured in a moon-centered

MOP coordinate system from the extension

of the earth-moon axis on the back side

of the moon, in degrees.

14 14 YPC Declination of pericynthion of the simu-

lated trajectory, in a moon-centered MOP

coordinate system, in degrees.

15 15 RPc Radius of pericynthion of the simulated

trajectory, relative to the center of the

moon, in nautical miles.

16 16 Maximum permissible number of iterations

in CIST. A very safe number is 50.0.

The average number of iterations for con-

vergence is observed to be about 5.

i7 17 Convergence tolerance of time of pericyn-

thion in hours. This is the maximum per-

missible magnitude of the difference

between the time of pericynthion defined

by ephemeris call, and that defined by

required flight time. A reasonable value

is 0.001.

29 29 TTW Thrust-to-weight ratio at the beginning

of the TLI maneuver.

1.3.2 XMS arra_.- The XMS array contains all of the variables describ-

ing the positions of the sun and pericynthion nadir, and the position and

motion of the moon at the time of pericynthion of the simulated trajectory.

All of the variables in the XMS array are defined by subroutine PERCYN.
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,ocation

in SIMUL

block

31

32

34

35

36

37

38

39

4O

41

42

Loc ation

in XMS

.array

i

2

7

8

9

I0

ii

12

MNEMONIC

EMR

EMRDOT

FIM

RNM

AM

RAM

DECM

A6

P,IA6

C6

B6

Description

Earth-moon radius in nautical miles

E_, first derivative of earth-moon

radius with respect to time, in knots.

Inclination of the MOP to earth's equatorial

plane, in radians.

Right ascension of the ascending node of

the MOP, in radians.

-w < RNM <

Argument of the moon in the MOP past its

ascending node on the earth's equator,

in radians.

-w <AM<w

Right ascension of the moon, in radians.

-w < RAM < w

Declination of the moon, in radians.

Argument of pericynthion nadir in MOP past

moon's ascending node on earth's equator,
in radians.

-7 < A6 < w

Right ascension of pericynthion nadir, in
radians.

-w < RA6 <

Declination of pericynthion nadir, in

radians.

Longitude of pericynthion, measured in

earth' s equatorial plane from ascending

node of MOP, in radians.

-w < B6 <
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Location Location

in SIMUL in XMS

,block arr%y MNEMONIC

43 13 AZ6

44 14 WM

45 15 XHM

46 16 YHM

47 17 XHM

51 21 SMOPL

52 22 SMOPD

53 23 AS

54 24 Ms

55 25 DS

Description

Azimuth of MOP at pericynthion nadir,
in radians.

Angular velocity of the moon, in radians/hr.

Cartesian components of the angular momentum

vector of the moon in e.r.2/hr, relative to

the earth's center.

Longitude of the sun in an earth-centered

MOP coordinate system, measured counter-

clockwise from the position of the moon,
in radians.

-w < SMOPL <

Declination of the sun in an earth-centered

MOP coordinate system, in radians.

Argument of the sun in the ecliptic past

its ascending node on the earth's equato-

rial plane, in radians.

Right ascension of the sun, in radians.

-w < RAS<w

Declination of the sun, in radians.

1.3.3 TAR array.- The TAR array contains the more significant output

of CIST, consisting of the coplanar TLI targeting elements and all of the

variables used by subroutine UPDATE to modify these elements. TAR loca-

tions 21 through 25 are for the TLI targeting elements modified by UPDATE.
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Location Location
in SIMUL in TAR
block array

56 i

57 2 Tl

58 3 WV

59 4 WE

6o 5 FIV

61 6

63 8 C3

64 9 RA3

_EMONIC

CO1

FIVTL

Description.

Convergence index, indicating whether

CIST was successful in achieving conver-

gence.

COl = 0.0, Satisfactory convergence

acheived

= 1.0, Maximum number of iterations

performed without achieving conver-

gence

= 2.0, Ephemeris trouble, no conver-

gence

= 3.0, Coplanar solution not attain-

able; Non-zero 6 necessary. No

convergence.

Time of the input orbit state vector,

relative to base time [PRE(3)], in hours.

Angular velocity of the vehicle in earth

parking orbit, in rad/hr.

Angular velocity of the earth's rotation,

in tad/hr.

Inclination of the earth parking orbit

to the earth's equator, in radians.

Inclination of the simulated trajectory

at perigee to the MOP, in radians. FIVTL

is defined as negative if the trajectory

is going below the MOP.

Declination of the M unit TLI target vector

defined by CIST for coplanar TLI, in

radians.

^

Right ascension of the M unit TLI target

vector defined by CIST for coplanar TLI,

in radians.



ll

Location
in SIMUL
block

65

66

Location

in TAR

array

lO

ll

MNEMONIC

S

W

Description

The angle a, the radius of the hypersurface

representing all possible perigee positions,

in radians.

Energy of the simulated translunar trajec-

tory at perigee, in (international ft/sec 2)

V2
W=--_ _-

2 r

67

68

69

7O

71

74

76

78

79

8O

12

13

15

16

19

21

23

2_

25

XMH

YMH

ZMH

CTIO

RNV

A1

DEL

XUMH

YUMH

ZUMH

^

Cartesian components of the unit M TLI

targeting vector defined by CIST for

coplanar TLI.

Coast time from the input parking orbit

state vector without time dispersion to

the beginning of the coplanar TLI thrust

maneuver, in hours. [CTIO can be negative

in cases where PRE(IO) is 0.0.]

Right ascension of the ascending node of

the parking orbit on the earth's equator,

in radians.

Argument of the input parking orbit state

vector past its ascending node on the

earth' s equator, in radians.

The angle 6, the latitude in radians, of
^

the unit M TLI target vector after it has

been modified by subroutine UPDATE, rela-

tive to the plane of the parking orbit

with time dispersion, in radians.

^

Cartesian components of the unit M TLI

target vector after it has been modified

by subroutine UPDATE to compensate for a

time dispersion of the input parking

orbit state vector.
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1.3.4 TRAJ array.- The TRAJ array contains variables describing the

simulation of the coplanar TLI thrust maneuver. All of these variables
are defined in subroutine TLIMP.

Location Location

in SIMUL in TRAJ

_, array MNEMONIC

81 i ETA

DescriPtion -

True anomaly, in radians, of the cutoff

of coplanar TLI on the translunar trajec-
tory.

82 2 APS Angle measured in the parking orbit-

trajectory plane from the beginning of
the coplanar TLI thrust maneuver to tra-

jectory perigee. (Stands for Alfa Plus

Sigma, where _ and _ are the established

TLI angles.) In radians.

83 3 G7D

84 4 DV

85 5 F20CO

Flight-path angle, in degrees, of the

cutoff of the coplanar TLI thrust maneuver,

on the translunar trajectory.

The characteristic velocity of the coplanar

TLI thrust maneuver, in international fps.

Flight time of cutoff of coplanar TLI on

the translunar trajectory past perigee,
in hours.

86 6 R7 Radius of cutoff of the coplanar TLI thrust

maneuver, in nautical miles.

87 7 E
Eccentricity of the translunar trajectory
at perigee.

88 8 R4

89 9 P

90 i0 A

91 Ii B

Perigee radius

Semilatus rectum

SemimaJor axis

Semiminor axis

Conic elements of the

translunar traJectory

at perigee in nautical
miles

92 12 COEF Coefficient of flight time equation, in
hr/n. mi.
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1.4 General Logic of CIST, the Primary Iteration Loop

The complete logic of CIST is best described in two phases: First,
the general logic, the logic of the primary iteration loop. Second,
specialized logics which are designed to deal with special situations
which the aforementioned general logic would be incapable of dealing with.
The general logic is described in this section. These specialized logics
take the form of discrete blocks of consecutive statements in the listing
of CIST. These specialized logic blocks are described in detail in
section 1.5.

There are several blocks of consecutive statements in the CIST listing
which have no bearing on the iteration process. The sole purpose of these
statement blocks is to provide printout. These statement blocks can be
eliminated from CISTwithout impairing its accuracy or reliability. These
printout statement blocks are identified as such in the listing of CIST.

First, there is a multitude of EQUIVALENCEstatements which enable
coding with descriptive alpha-numeric addresses instead of subscripted
variables.

SU_ROJTINZ CIST (RAGBT)
COMMON/ SIMUL / PRE(50),XMS(25),TAR(25),TRAJ(20)

EQUIVALENCE (PRZ(5),3H)

EQUIVALENCE (PRE(W),CID)

EQUIVALENC_ (PRE(5),FLOID)

EQUIVALENCE (PRE(6},AZID)

EQdIVALENCZ (PRE(7),RI)

EQUIVALENCE (PRE(IO},ORBNUM)

EQUIVALENCE (RRE(11),FIPOA}

EQUIVALENCE (PRE(12},FIPERT}

EQUIVALENCE (PRE(13},XPC}

EQUIVALENCE (PRE(14},YPC)

EQUIVALENCg (PRE(15),RPC}

EQUIVALENCE (PRE(29),TTW}

EQUIVALENCE (XMS(W},FI_)

Z@UIVA_ZNCZ (XMS(5),R>_}

EQUIVALENCE (XMS(9),A6)

EQUIVALENC£ (XMS(IO},RA6)

EQUIVALENCE (X_S(II),C6)

EQUIVALENCE (X_S(12),BS)

EQUIVALENCE (XMS(13),AZ6)

EQUIVA_gNCZ (X_S(IW},_)

EQUIVA_ENC£ (TAR(1),COI)

EQUIVALENCE (TAR(2),TI)
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EQuIVA:LN _-_. (TARC3)p_V)

EQUiVA_£NCi (TA_(4),w_)

_QU_VAu=NC (Ta_<CS),_IVIL)

EQuIVA.ENC£ (TAR{7),AZ3)

EQOiVAULN=_ (TAR(B),CS)

VA.:N__ (FA_I9),RAS)

£_JIVALiNC_ (TARilU),S)

!@OlVAu_NCi (TA_(Ii),XMH)

EQOiVAL_NC< (TAR(I_),YMH)

5QJIVA_iNC: (TAR(14),ZMH)

_QdlVA_NC_ (TAR(17),A_)

E_OLVA_NC£ (TAR(lSI,CTTPSI

[_UiVALEN:_ (TAR(19),AI)

_QdIVALZNS_ (TRAJ(1),ETA)

E@_IVA_LNS= (TRAJ(2),APS)

Z_OiVALLNC£ (TRAJ(_),DV)

Z@UiVA_ZNCZ (TRaJ(_),_TOCO)

L_IVA_ENCI (TRAJ(6},RT)

£QUIVAuENCZ (TRAJ(S),R_)

The constants DPR, PI, U, and WE are first defined. Input values of

declination, longitude, and azimuth of the parking orbit pickup state are

converted to radians. Input indices are converted to fixed point values.

Then the following calculations occur: the angular velocity (WV) of the

vehicle in parking orbit, the orbit period, the angles B1 and A1, FIV,

and the right ascension of the ascending node of the VOP for insertion

at base time (RNVBT). The 12 statements following these calculations are

for initial printout.

DP_:b7.Z957_
PI:_.14159_7

d:.2316700_OE+i3

_E:.2525151_2

CI:JID/D_R

FLOIzF_OID/DPR

AZIzAZID/DQ_

IORbN:OR3NJM

IPO_:FIPO_U.I

IP5RT:FiPERF+0.1

_V:SQRT(19.909_I55/(Rt/34_3.93359},_3)
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C

C

OR_PZR=2.0*PI/WV

_IzATA_2(SIN{CI}*SIN(AZI),COS(AZI})

AIzATA_2(Sliq(CI),COS(CI)*COS(AZI))

FIv=A3S(ATAN(SIN(CI)/{COS(CI)_SIN(BI))))

RNV_TzRAGBT÷FLOI-BI

CALL H_uP (RNV3T)

THE NEXT 12 STATEMENTS

ARE FOR INITIAL PRINTOUT

IYzPRZ(I}+O.I

ID=PRE(2}+D.I

FIVOzFIV_DPR

RAGdTD=RAGST_DPR

AID=AI_DPR
RNV_TD=RNVST_DPR

BID=51_DPR
WRITE (6p913) IY,FLOIDpR1,XPCpIDPCID,IORBNpYPC,

i BHpAZID,FIVD,RPC,RAGBTD,AID,ORBPER
iF (IPOA.Z@.2) WRITE (6,914} RNVBTD,BID,IPZRT

IF (IPOA.ZQ.I) _RITE {_,915} RNVBTDPBID,IPERT

WRITE(@,900}

A first guess is made of the earliest possible time of pericynthion

(TOPCY) relative to base time. Assumptions are made of the earliest pos-

sible time of insertion, shortest coast time in orbit, and shortest flight

time. The convergence index (COI) is defined as 0.0, signifying that all

is well. PERCYN is called thus defining all values in the XMS array for

the time TOPCY. If ephemeris trouble is encountered in PERCYN, COI is set

equal to 2.0. If this condition is detected, control is returned to the

program which called CIST.

TOPCYzORBPER_(OR3NdM-I.O)+_O.O

COi=O.O

CALL P_RCY_'_ (TOPCY)

IF(COI.NE.2.0) GO TO 490

RETURN

W is the energy of the simulated trajectory at perigee and RQDFT is

the (required) flight time of the simulated trajectory from perigee to

pericynthion. Values of W and RQDFT are defined by calling subroutines
ENERGY and FLYTYM. The empirical equations for W and RQDFT in these sub-

routines have as variables: FIVTL, Ch, and Rh. At this point in the
logic, these variables have not been defined. Reasonable values of these

variables are defined before subroutines ENERGY and FLYTYM are called. It

should be remembered that at this point in the logic, the accuracy of these

variables is not critical. Accurate values are defined in the primary
iteration loop.
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+gd FIV[C=u.O

C4=u.O

R_zrRt_12.0

CA_ L;_ER3Y {I_ERT,CI)

Assuming a BETA of -i.33 °, an "earliest possible" position of the

node between the MOP and V0P in the vicinity of TLI is defined relative to

the already defined "earliest possible" pericynthion nadir, the argument

of the latter being A6. The position of this node is defined by the argu-

ment A2M in the MOP, as shown in the following figure. The iteration count

(NUMIT) and the indices and test values for specialized logics are
initialized.

Position vector of the moon

at MOPearliest possible TOPCY

A2M

Earth's

equatorial

plane

PT±aO.U

NU_T:O

IZ_:O

IA_O:I

IO_:i
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The primary iteration loop begins at statement 500, at which the
iteration count is incremented. GEOARGis called, thus defining AZ2M,B2M,
C2, and PJ_2. A test is then madeto be sure that the node on the MOPcan
be "reached" by the VOP. If it cannot be reached, a specialized logic
block of 25 statements must be resorted to. If it can be reached, GOTO
650. The inaccessible node logic block is described in section 1.5.1.

500

THIS IS THE BEGINNING
OF THE ITERATION LOOP

NUMIT:NJ_I[+I
CALL $_OAR_ (FIM,A2M,RNM,AZ2M,B2M,C2,RA2)
IF(AB_(C2).LT._IV) GO TO 650

THE NEXT 25 STATZMENTSARE
INACCESSI3LE NODELOGIC
(See listing in section 1.5.1.)

At statement 650, subroutine GEOLAT is called, thus defining the angles

describing the inertial orientation of the V0P and the position of the

node in the VOP such that AZ2V is in the proper quadrant as prescribed by

the index IPOA. When IPOA is i, AZ2V is in the first quadrant, resulting

in TLI out of the "Pacific" window. When IPOA is 2, AZ2V is in the second

quadrant, resulting in TLI out of the "Atlantic" window. The geometry

involved is illustrated in the following figure.

V0P

First point of Aries AZ2V

I L MoP

 arth's
II FIV _" / %-C2 /

_'±V_ _/ _ _ equatorial

k_ / _ _ plane

_RA2_
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FIVTL is calculated and the subroutines SUBB, SUBCL, and TLIMP are

called. Calling subroutines SUBB and SUBCL defines the angles BETA and
CL.

uO0 CAL= 3EULA[ (=IV,C2,_A2,IO0A,A2V,B2V,AZ2V,RNV)
FI_T_zAZ2M-AZ2V

CAL_ SO_ (IPERT,_ETA,AFNTMH)

CA_ SJ_C_ (I_ZRT,CL)
CA_ TLI_P

These angles are illustrated in the next figure.

Peri gee V0P

.)
Pericynthion

nadir C_

BETA _'_ ;'_
,,_-_

MOP

Once the values of CL, BETA, and FIVTL are calculated, the value of

ALFA is calculated. This latter calculation involves the dummy variable

Z in the present coding. After ALFA is calculated, the value of A4 is
calculated.

ZzATA,q(SI_(_ETA)_COS(_IVTL)/COS(3ETA))

A_F_z(COS(_ETA)/(COS(Z)_COS(CL)))_2-1.O
IF(A_A.LT.O.O) AL_Aza. O

ALFAzATAN(S@RT(AL=A))+Z

_:A!V+AL:A

CA_L HiLP (A#}

CAL_ 3EOAR3 (:IV,A_,R;4VpAZ_,84,C4,RA4)
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The geometry involved is illustrated in the following figure.

I

VOP

/j_ ............. " - MOP

/ ........" ALFA / ")

(/,," A2M /_ ""/////_ Perigee

__ial

A2V plane

After A4 is defined, the other angles (AZ4, B4, C4, and RA4) describing

perigee are defined by calling GEOARG. C4 will be used in subroutine

ENERGY in calculating trajectory energy (W).

The coast arc (CARC) in the earth parking orbit, from the input pickup

state vector to the beginning of the TLI thrust maneuver, is calculated.

The angle APS (stands for Alpha Plus Sigma), which was defined by calling

subroutine TLIMP, is used in doing this. CARC is defined by mod 27 accord-

ing to IORBN, the instruction index of orbit number during which injection
occl/rs.

When IORBN is not equal to zero, CARC is defined between 0 and 2w.

When 10RBN is zero, CARC is defined between -w and w. _his latter defini-

tion, permitting negative values of CARC, is necessary when the orbit

pickup state vector is an approximation to the beginning of TLI.

A test is made of the change in CARC since the last iteration. The

value of CARC in the last iteration is PCARC. If the absolute value of the

change in CARC is greater than w, a specialized logic block which is

designed to deal with the problem of orbit coast time excursions must be

resorted to. On the first iteration, this specialized logic is always
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bypassed by defining PCARCas equal to CARCimmediately prior to the test.
If no orbit coast time excursion is detected, GOTO 657. The orbit coast
time excursion logic is described in section 1.5.2.

CANCzA4-A1-AP5
CA:_ H_LP (CARC)
IF(CARC.LT.O.O.AND.IOR3N.NZ.O) CARC=CARC+2.0.ml
IF{;qJMIT.EQ.1} PCARCzCARC
IF(A3S(CAR_-PSARC).LT,PI) $0 TO 657

THE NEXT B STATEMENTSARE ORBIT
COASTTIME EXCJRSION LOGIC
(See listing in section 1.5.2.)

At statement 657, PCARCis aefined as equBl to CARCfor the test
for orbit coast time excursion during the next iteration.

The coast time in orbit (CTIO) from insertion to the beginning of
TLI is calculated. WhenIORBNis 0, negative values (hopefully, very small)
of CTIOare allowed. _e time of the orbit pickup state vector (TI) rela-
tive to base time is calculated as the difference between the immediate
right ascension (RNV) of the ascending node of the VOPand that value when
insertion occurs at base time (R_VBT), divided by the angular velocity of
the earth's rotation (WV). The difference between RNVand RNVBTmust first
be defined between -w and w by calling subroutine HELPin order to constrsin
TI to within + 12 hours of base time.

A test is then madeto see if the change in TI, from its value (PTI)
in the previous iteration, is greater than 12 hours. If the change is
greater than 12 hours, a specialized logic block is resorted to which is
designed to deal with the problem of excursions in TI. This specialized
logic is described in a section 1.5.3. If the change in TI is less than
12 hours, GOTO680.

007 PC_._-_R_
IF ( IORjN.N_.. O) CTI O-ORBPER_(CARC/{ 2. O,_Pl) +L)RBNUN4-1.0)
IF { _LOR3N._,_.O) CTIO-DR3PERw, (CARC/( 2, O,_PI ) )

TI-R;_V-RNV3T

C,AL, .-i_.LP (TI)

TlzTl/nZ

iF(NJ_il .-L_.I) PT1-TI

IF(A35(T1-PTI),LT.12.0} GO TO 6BO

THE NEXT _ STATEMENTS AR =_ TIMi

OF ORBIT STAT E V--CTOR

EXCURSION LOGIC

(See listing in section 1.5.2.)

I
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At statement 680, PTI is defined as equal to TI for the excursion:

test in the next zteration.

A required time of pericynthion (RTOPCY) is calculated based on imme-

diate values of T1, CTIO, and RQDFT. In doing this, it is necessary to

take into consideration the coast time (DUMCT) in orbit over the angle APS
because CTIO is measured up to the beginning of TLI, whereas RQDFT is

measured from perigee. The necessary change (DTOPCY) in TOPCY is then
calculated.

OBO PTlzTI
DUMCTzAPS/_V
CTTPGzCTIO+DUMCT
RTOPCYzTI+CTIO+DUMCT÷R_D_T
DTOPCYzRTOPCY-TOPCY

The next block of statements is for the printout of several significant

variables which indicate what is happening in the primary iteration loop.

C

C

C

C

THE NEXT 9 STATZMENTS ARE FOR

ITZRATION HISTORY PRINTOUT

C2DzC2*DPR

AZ2VDzAZ2V*OPR
FIVTLDzFIVTu,DPR

BETADz3ETA,OPR

CLD=CL*DPR

TSzTI+CTIO

T4=TS+DdMCT
T7=T_+FTOCO
WRITZ (o,901) NUMIT,C23,AZ2VD,FIVTLD,BETAD,CLg,W,RQDFT,

I TI,TS,T_,T7,RTOPCY,TOPCY,DTOPCY

A test is made to see if the absolute value of DTOPCY is less than

the input tolerance, PRE(17). If IDTOPCYI is less than PRE(17), the
iteration process is te_uinated by going to statement 800.

A test is then made to see if the maximum permissable number of itera-
tions (MAXIT) has been reached. If MAXIT has been reached, the iteration

process is terminated by going to statement 700 where a statement to this

effect is printed out and the convergence index is set equal to 1.0.
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IF(A_$CDTO_CY}._.PR£(17)) GO TO BOO

_A_IT=PRE(IO)+0.1

IF(,qJ_IT.3=._×IT) GO TO TUO

If, after making these two tests, the iteration is not terminated,

TOPCY is defined as equal to RTOPCY and PERCYN is called, thus defining

a new set of variables in the }{MS array.

Subroutines ENERGY and FLYTYM are then called, thus defining new

values of trajectory energy (W) and required flight time (RQDFT) which

are compatible with the new }{MS variables.

A new position of the node between the VOP and the MOP is defined by

calculating a new value of A2M. This calculation is based upon the approxi-

mation that BETA will not change significantly from one iteration to the

next. A2M is constrained between -w and w by calling subroutine HELP.

The next iteration is begun by going to statement 500.

7bO

TOPJYzRTOPCT

CA_ PZRCY_ (TOPCY}

IF(CDI.NE.2.0) GO TO 590

RZiURq

CA_ ZIZRGY (IP_RT,C4)

CA_ H_LP (_2M)

GO I0 oUO

C0_:1.0

At the termination of the iteration process, variables describing TLI

targeting and the state vectors of perigee and those at the beginning and
end of the TLI thrust maneuver are calculated for external use and immediate

printout. These calculations begin at statement 800.

J0u A._:_2V+_FNIMH

CA_,.. H-LP (A._)

CALL. 3LL)ARo (FIV,A6,;RNV,AZS,B3,C3,RA3)

S:A-_-A5

CA_-_- H__P (:_}

SD:_*DPR

_M..IzCO_(C3) *C05 (RA._)

Ygri:gOG(C3) *S I'1 (RA3)
Z'4_:SI:I(C3)
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C3JzCS*bPR

RASD=RA3*DPR

ANMH3=AFNTMH*DPR

ETAD=ETA*DPR

ALFAD=(APS-S)*]PR

WTT=w*2.0

WTTK=WTT/

WTT£R=_TT

WRITZ (6,

I DV,WTT

C_D=C4
RA40:R

V4=SQR

5;'_0. B599,_2

*(560U.Ol(bO75.11549*5445.9555g) )**2

911) CSD, SD, RASD, ALFAD, W, ETAD, WTT, ANMHD, WTTK,

ER, TTw

*_PR
_4*DPR
Z4*OPR

T(2.U,(_+d/R_.) )
FLON.-RA4-RA_T-T4*w_
CAL.L. H_'L.P (FLO4)

FI.OU,D:FLO4*DPR

AB-A_-AP5
CAI.L. HELP (Ac_}

CAL.,- GEOARG (;'IV,AB,RNVpAZSPBB,CBPRA8)

CBDzCB*DPR

RAULI:RAB*3P_
AZ_JO-AZB*DPR

VB-S@RT (U/RI)

FLO_,"RAB-RA G3T-TB*WZ

CA_ HELP (_'LOB)

FLO_DzFLOB*DPR

A7-A4÷_TA

CAL.L. HFLP (AT)

CAL.L L_E.OARL_ (_'IV,A7,R_VrAZT,_7pC7pRA7)

C7D:CT*L)PR

RATJ:RAT*DPR

AZTD:ALT*DPR

V7-._@RT ( 2. O, (_/+U/R7) )
FLO7=RA7-RASST-T7*vVF..
CALL. HSILP (FL.C)7)
FLO 7D'FLOT*._PR
WRJ.I£_.. (5t912.) TSPTR. fTTtC8DtC4D,C7_),RASZ),RA4D,RATD,

1 AZBD,AZ_D,AZ7D,FLOB3,_LO4D,FLO7D,R1,R4_RT_VB,V4,VT,GTD
REIU_N

All of these calculations are based upon the empirical simulation of

optimum coplanar TLI thrust maneuvers described in reference 2. All of
the variables of this simulation are defined in subroutine TLIMP.

^

The M defined is the point of tangency of the V0P on the translunar
^

injection tangency surface. This method of defining M is described in
reference 3.
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The following are the format statements used in all CIST printout.

900 FOK_AT (///IbX,2HC2,1_X,4HAZ2V_IDXpWHIVTLplDX,WHBETApI_Xp2HCL,

1 15X,1_W,15X,5HRQDFT/

2 IBX,2gTI,IbX,2HTB,IbX,2HT4,15X,2HTT,IIX,IOHRQD TOPCY,7X,

3 9HZPM TOPCY,_X,IIHDELTA TOPCY///)

9ul FO_AT (I7,5FI7.T,FIF.2,F17.T/TXpTFIT.?///)

9U2 FOR_AT(////3OX,16H_AXI_O_ _UMBER (,13,55H) OF ITERATIONS PERFORME

lJ. CONV_RGSQCE NOT GUARANTEED.)

9U_ FO_AT(//,_OX,DBHINACCESSIdLE NODE ON MOP CALLED FOR.)

9Oh FOR_AT(WOX,bbHNODE PLACED AT BEGINNING OF INACCESSIBLE REGION ON

1.10P.///)

907 FOR_AT(4Ox,_g_NODE PLACED AT END OF INACCESSIBLE REGION ON MOP.//

I/)

9oB FOR_AT(WOX,_5_NECESSARY NODE ON _OP IS INACCESSIBLE. NO CONVERGE

I_CE.//}

9u9 FOR_AT(//2ox,glMCHANGE IN INSERTION TI_E EXCEEDS 12 HOURS. SIGN

I_ILL _Z CONSTRAINED TO THAT OF NEXT VALUE.//)

910 FORgAT(//2_X,79HORDIT COAST ARC EXCURSION. ARC WILL BE CONSTRAIN

I£_ To alTHI:_ PI OF NtXT VALUE.///)

911 FORAAT(//20H TLI VARIABLES ..... ,

I IOX,28HDELTA : 0 (BY DEFINITION) ,15X,12HgHAT DECL :,_1_.8/

2 bOX,_gSIGgA :,F13.B,22X,12HMHAT RYTAS :,FI4.B/

3 30A,SHALFA :,FID.8,22X,12HW : C3/2 :,FIW.2,11H (INFPS)SQ/

W 50X,Bg_TA :,F13.B,30X,WHC3 :,FIW°2,11H (INFPS)S@/

5 30X,bHA_NTM_ :,F!3._,3OX_WHC3 :_FI_.g,IIH (KMPS)SO/

6 50X,BHCHAR V :,FID._,TH INFPS,23X,4HC3 :_FI_.9,11H (ERPH)SQ/

7 30X,_HTTW :,F13.5)

91L FOR_AT(////4_X,13HTLI 3EGICqNIN&,TX,THRERIGEE,gX,IOHTLI CUTOFF//

1 30X,DHTI_ ,3F17.7/

2 50X,9"_J_CL ,3F17,7/

3 30^,DHRYTA_ ,3F17.7/

30X,gHA_ ,3F17.7/

5 30A,9_LON3 ,3F17.7/

6 30X,DHR (_.4.) ,5=17.7/

7 30A,DHV (IgFPS},3=I?.7/

30_,gHoA_gA ,DgX,FlT.7//l)

91J FOR_AT(IHII_X,THYE_R :,IIO,IIX,GHFL01 :,FID.7,BX,2HRI,5X,IH=,

1 FIS._,_A,21HXP= (gOP LON$1TUOE) =,FiD.7/

2 oX,?gDAY =,IIO,IIX,GHC1 =,FID.T,BX,BHORBNUg =,I6,15X,

3 21HYPC (_OP LATITUDE) :,;13.7/

6X,TH3MOUR :,FI_.7,BX,SHAZI :,FID.7_BX,SHFIV :_FI3°T,BX,

b 3HRPC,17X,IH:,FIS.5/

6 6X,IHRAG_T :,FIS.7,BX,GHAI :,F13.7,BX_SHPERIOD :,F13.7)

91_ FORMAT (5X,7HRNV3T :,FIB.7,BX,6H31 :,FIB.7,BX,_HIPERT :,16,

I 15x,5HalNDOa,I_X,12H: ATLANTIC)

91o FO_AT (6X,7HRNV3T :,FI3°7,SX,bH31 :,F13.7,_X,BHIPERT :,Ib,

I 15A,bMaINDJ_,I_X,12H: PACIFIC)

ENJ
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1.5 Specialized Logic Blocks In CIST for Special Problems

1.5.1 Inaccessible node losic.- The position of a "required" node

between the MOP and the VOP is defined in the MOP by the angle A2M. This

position of the node is "required" in order to satisfy requirements of

orbit coast and trajectory flight times. The angle A2M is determined by

the angle BETA and a position of pericynthion nadir defined by the angle

A6. The value of A6 is a function of the presently defined time of peri-

cynthion (TOPCY).

The declination of the required node is C2. If the inclination (FIV)

of the VOP to the earth's equatorial plane is less than the absolute value

of C2, a node between the MOP and the VOP cannot be achieved at the required

position. The detection of the condition FIV < IC21 causes control to go

to the inaccessible node logic block.

The condition FIV < FIM is necessary but not sufficient for the con-

dition FIV < IC21 to arise. The condition FIV < FIM will occur during

certain periods in certain years when the parking orbit is initiated with

a 90 ° launch azimuth from Cape Kennedy.

The following figure shows that, when FIV < FIM, there are two regions

in the MOP which cannot be "reached" by the VOP. These two regions will

be referred to as the upper and lower inaccessible regions.

//_]_/Upper inaccessible region

.................................. _Lower inaccessible region

t .....
 ivx i W  v\ \ 1

I
o

First Second Third Fourth

J

y
Quadrants of A2M

VOP
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The upper inaccessible region is equally divided between the first

and second quadrants of A2M. The lower inaccessible region is equally

divided between the third and fourth quadrants of A2M.

The inaccessible node logic is controlled by the index IEX, which is

actually a count of the number of times this logic is called. Prior to

the beginning of the first iteration in the general logic, IEX is defined

as 0. Each time this logic is called, IEX is stepped by i.

Each time this logic is called, th,_ externally defined inaccessible

node is redefined at either the beginning or the end of the inaccessible

region, such that it can be reached by the VOP. The declination of this

redefined node will always have the _gnitude of FIV and the sign of the

originally inaccessible declination. The redefinition of C2 occurs at

the beginning of the logic block. The value of A2M of the externally-
defined, inaccessible node is stored as BADA2M for the correction of time

of pericynthion at the end of the logic.

The quadrant of A2M wherein the redefined node lies is controlled by
the index 10Q.

If 10Q = i, the redefined node will be in the first or fourth quadrants

of A2M. (The redefined node will be at either the beginning of the upper

inaccessible region or at the end of the lower inaccessible region.)

If 10Q = 2, the redefined node will be in the second or third quadrants

of A2M. (The redefined node will be at either the end of the upper inacces-

sible region or at the beginning of the lower inaccessible region.)

Each time this logic is called, I0Q is initially defined as i, and

subsequent tests within the logic determine whether it should be set equal
to 2.

The first time this logic is called (IEX = i), the node is redefined

at the beginning of the inaccessible region (GO TO 620) and a statement to

this effect is printed out. If within the subsequent iterations in the

general logic, the node does not "jump over" the inaccessible region or

"back away" from it, and a required position of the node again falls in

the inaccessible region, this logic will be called a second time.

The second time this logic is called (IEX = 2), the node is redefined

at the end of the inaccessible region (GO TO 630), and a statement to this

effect is printed out. If within the subsequent iterations in the general

logic, the node does not "stay ahead" of the inaccessible region and a

required position of the node again falls in the inaccessible region, the

logic will be called a third time.
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The third time this logic is called (IEX = 3), the situation is con-

sidered hopeless, a statement to this effect is printed out, the conver-

gence index (C01) is setequal to 3.0, and control is returned to the pro-

gram calling CIST.

After C2 and 10Q are defined when the logic is called either the

first or second times, the angles A2M, B2M, and AZ2M of the node are de-

fined (statement 640) by calling GEO%AT. By calling GEOARG, RA2 is cal-

culated (and AZ2M and B2M are redundantly calculated).

The presently defined time of pericynthion and associated variables

in the XMS array will be compatible with the original inaccessible node,

but will be incompatible with the redefined accessible node. Since the XMS

variables are used in the empirical equations defining the simulated tra-

Jectory, these XMS variables should be "corrected" before returning to

the general logic. In most cases, these corrections are expected to be

insignificant; however, marginal cases can arise where the absence of these

corrections can result in nonconvergence (COI= 3).

The correction in the time of pericynthion is calculated as the

difference between the A2M of the redefined node and that of the original

inaccessible node, stored as BADA2M, divided by the angular velocity (WM)

of the moon in its orbit. Two assumptions are made: (1) that WM is a

true average over the interval of time correction, and (2) that BETA will

be constant such that a change in the angular position of the node in the

MOP will result in an equal change in the position of pericynthion nadir.

With a corrected value of TOPCY, PERCYN is called, thus defining new

values in the XMS array. Before subroutines ENERGY and FLYTYM are called,

a correct value of FIVTL is calculated which is compatible with the rede-

fined accessible node.

Control then returns to the general logic at statement 650.

olo

02U

IF(IEX._@.O) IEX=I

C2zSISN(FIV,C2}

BAJA2M:A24

IOQ=I

_RiTZ(b,904)

GO TO (520,_30,610),IZX

WRI[E(b,90_)

COIz3.0

RETURN

IF(C2._T.O.O) I00:2

IEX:2

(listing continued on next page)
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o*0

_R_[E(O,9Ou)

50 TO 54U

IF(C2._T.O.O) i09=2
igXz5

wRl[i(o,guT)

CA_ GiOLAT (FIM,C_,DUMI,IOQ,A2M,_2M,AZ2M,DJM2)

CAL. SZOAR5 (FIM,A2_,_NM,AZ2M,B2M,DUMI,RA2)
TCORzA2_-B_DA2M

CAc. H_kP ([COR)

TOPCYxlOPCY+IZOR/_

SAUu P{RCYN (TOPCY)

FI_TczAZ2M-PI/2.0

CAu_ FuYTY_I (IP[RT,IQDFT)

CA_ EqERSY (IPERT,C2)

1.5.2 Orbit coast time excursion lo6ic.- This logic is called when

the absolute value of the angle CARC, from the parking orbit pickup state

vector to the beginning of the TLI maneuver, changes by more than w between

consecutive iterations in the general logic. This situation arises in the

aforementioned iterative process when the position of the beginning of the

TLI maneuver moves across the position of the orbit pickup state vector in
the VOP, resulting in a change in CARC of almost 2_.

The successful convergence of an iteration will not be prevented if

this happens only once or even several times within the iteration. However,

the possibility exists of a condition of self-sustaining oscillation to be

set up where the position of the beginning of TLI moves back and forth

across the position of the orbit pickup state vector and convergence with

the normal general logic is impossible. The probability of this type of

oscillatory condition arising is very small, but finite; it has been ob-

served to happen.

The orbit coast time excursion logic is controlled by the index IAIO.

Before the beginning of the first iteration in the general logic, IAIO is

set equal to i. The first time this logic is called, IAIO is set equal

to 2 and thereafter its value is not altered until the iteration process
is terminated.

The logic itself is quite simple. The first time it is called CCARC,

a control value of CARC is defined as equal to the present value of CARC.

Every subsequent time the logic is called, the immediate value of CARC is

changed by either +2w or -2_ such that CARC will be within w of CCARC.

Control is returned to the general logic at statement 657.
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b_6

&O TO (b55,655),IAIO

IAIO=2

CCARC:CARC

WRITE (6,91U)

_0 TO b57

SDAIOzI.O

IF(_ARC.GT.CCARC) SOAIO:-I.0

CARCzCARC+_DAIO_2.0_PI

1.5.3 Time of orbit state vector excursion losic.- This specialized

logic is called when the time of the parking orbit pickup state vector (T1)

changes by more than 12 hours from the value in the preceding iteration
(stored as PT1).

T1 is measured relative to base time, an input PRE(3) G.m.t. midpoint
of the 2h-hour period within which T1 is to occur. T1 is calculated as

the difference between RNVBT and RNV divided by WE, where RNV is the right

ascension of the ascending node of the VOP as presently oriented, RNVBT
is the right ascension of the ascending node of the VOP when insertion

occurs at base time (T1 = 0.0), and WE is the angular velocity of the

earth's rotation. This difference between RNVBT and RNV must be defined

between -_ and _ if T1 is to be constrained within 12 hours of base time;
i.e., within the prescribed 24-hour period.

When RNV is close to 180 ° from RNVBT, a small change in RNV can result

in a change of almost 24 hours in TI between two consecutive iterations.

The successful convergence of an iteration will not be prevented if this

happens only once or even several times within an iteration. However,

the possibility exists of a condition of self-sustaining oscillation to

be set up, where RNV oscillates back and forth over a very small range

centered at 180 ° from RNVBT, and convergence with the normal general logic

is impossible. The probability of this type of oscillatory condition aris-

ing is very small, as is the probability of the oscillation of CARC. But

this probability is finite, and the oscillation of RNV has been observed

to prevent successful convergence in the absence of a specialized logic
designed to deal with this problem.

The TI excursion logic is controlled by the index lOS, which is set

equal to i in the general logic before beginning the first iteration.

The first time this logic is called, 10S is set equal to 2 and thereafter

its value is not altered until the iteration process is terminated.
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The first time the logic is called, a corrective term (TOLCOR)for
T1 is defined having the magnitude of a sidereal day and the sign of the
present value of T1. Thereafter, every time the logic is called, TOLCOR
is added to the immediate value of T1, and as a result T1 is always con-
strained to have the s_ne sign as the value of T1 whenthe logic was first
called. A statement to this effect is printed out the first time this
logic is called.

In effect, TI is constrained within a time interval muchshorter
than 12 hours; but this time interval is not required to lie within the
originally prescribed 24-hour period within which T1 is to occur. Con-
sequently, whenthis _ogic is called, T1 can (and usually does) wander
just outside of the prescribed 24-hour period. But this happens only
because convergence cannot be otherwise achieved; i.e., there is no "solu-
tion" with T1 within the prescribed 24-hour period. Whenthis logic is
called and T1 does moveoutside of the prescribed 24-hour period to achieve
convergence, the resultant T1 is most likely to occur after the 24-hour
period. It is most unlikely that resultant T1 will ever occur before the
prescribed 24-hour period due to the fact that the first iteration in the
general logic is begun with the assumption of the earliest possible value
of time of pericynthion (TOPCY),and thereafter RNVouly moves forward.

Control returns to the general logic at statement 680.

oOO

olu

$0 [0 (o50,o70),105

I0_:_

T0_-CJR:_I 3q (2.0*PI/wE' TI)

GO TO 5_0

YI-[I+_0L_0R
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2.0 SUBROUTINESOFCIST

There are nine subroutines of the present version of CIST. These
subroutines can be classified into the following four groups:

ENERGY
FLYTYM
SUBB
SUBCL

These subroutines contain the empirical equations of
the simulated trajectory. All of them have the SIMUL
block in common. Input and output are both through
this commonblock and their calling arguments.

TLIMP This subroutine defines variables of the simulation of-
the TLI maneuver. Conic elements of the resulting
trajectory'are also defined. The SIMULblock is in
common. Input and output are through this commonblock.

PERCYN This subroutine defines the variables describing the
positions of the sun, the pericynthion nadir vector, and
the position and motion of the moon. The SIMULblock is
in common. This subroutine obtains Cartesian coordinates
of positions and velocities by calling subroutine JPLEPH.
Input to PERCYNis through its calling argument, output
is through common.

GEOARG1
GEOLAT
HELP

These subroutines perform trigonometric calculations.
They contain no empirical equations. Input and output
are entirely through their calling arguments. They have
nothing in common.

Listings of these subroutines and more detailed descriptions of them can
be found on the following pages.

2.1 Subroutine PERCYN

2.1.1 Identification.-

PERCYN(Ephemeris Inquisitor)
F. Johnson, January 31, 1968
IBM 7094
FORTRANIV

2.1.2 Purpose.- Subroutine PERCYNcomputesvariables describing the
positions of the sun, pericynthion nadir vector, and the position and
motion of the moon.
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2.1.3 usa__.-

2.1.3.1 Calling sequence:

2. i. 3.2 Arguments :

CALL PERCYN (TOPCY).

Parameter

name

TOPCY

In{Out Type

In Real

Description

Time of pericynthion in hours relative
to a base time defined and stored

external to PERCYN

2.1.3.3 Label common: All of the variables in the SIMUL common

block in subroutine PERCYN are the output of PERCYN. These ephemeris

variables constitute the entire XMS array. All of these ephemeris

variables described below are defined at the time TOPCY,

Location in

SIMUL block MNEMONIC

31 EMR

32 EMRDOT

34 FIM

35 RNM

36 AM

37 RAM

38 DECM

Description

Earth-moon radius, in nautical miles

EMR, first derivative of earth-moon

radius with respect to time, in

knots.

Inclination of moon's orbit plane

(MOP) to earth's equatorial plane,

in radians.

Right ascension of the ascending node

of the MOP, in radians.

-w < RNM <
w

Argument of the moon in the MOP past

its ascending node on the earth's

equator, in radians

--_ < AM < 7[

Right ascension of the moon, in

radians

-w <RAM<

Declination of the moon, in radians



Location in

SIMUL block

39

4o

41

42

45
46

47

51

52

53

54

MNEMONIC

A6

RA6

C6

B6

AZ6

WM

YHM

ZHM

SMOPL

SMOPD

AS

RAS

33

Description

Argument of pericynthion nadir in MOP

past moon's ascending node on earth's

equator, in radians

-w<A6<w

Right ascension of pericynthion nadir,

in radians

-7 < RA6 <

Declination of pericynthion nadir,

in radians

Longitude of pericynthion, measured

in earth's equatorial plane from

ascending node of MOP, in radians.

-_ < B6 <

Azimuth of MOP at pericynthion nadir,

in radians.

Angular velocity of the moon, in

rad/hr.

Cartesian components of the angular

momentum vector of the moon, in

e.r.2/hr, relative to the earth's center.

Longitude of the sun in an earth-centered

MOP coordinate system, measured counter-

clockwise from the position of the

moon, in radians.

-_ < SMOPL < w

Declination of the sun in an earth-

centered MOP coordinate system, in

radians.

Argument of the sun in the ecliptic

past its ascending node on the earth's

equatorial plane, in radians.

-_ < AS <

Right ascension of the sun, in radians

-_ <RAS < _
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Location in

SIMUL block MNEMONIC Description

55 DS

56 c01

Declination of the sun, in radians

Convergence index, indicates different

types of trouble to program calling

CIST. In PERCYN, if ephemeris trouble

is encountered, CO1 is set equal to

2.0.

2.1:3.4 Sample usage: (Refer to "Calling Sequence" and "Label Common"

above)

2.1.3.5 Storage required: Coding occupies 10378 (54310) locations.

2.1.3.6 Error codes and diagnotics: If subroutine JPLEPH returns

an error to PERCYN, the following message is printed: "THE XMS ARRAY WE

DID NOT FILL, FOR ALL IS NOT WELL IN EPHEMERISVILLE"

2.1.4 Method.-

2.1.4.1 Statement of algorithms: The ephemeris subroutine JPLEPH

is called at time TOPCY. In JPLEPH, vectors are defined which describe

the position and velocity of the moon and the position of the sun relative

to the earth's center. The sun's position vector is stored in the six-

dimensioned array RS. The position and velocity vectors of the moon are

stored in the nine-dimensioned array EM: the position vector_ in locations i_

2_ and _ the velocity vector_ in locations 7_ 8_ and 9. In the following

algorithm description_ the moon's position vector will be denoted as IKM and

the moon's velocity vector will be denoted as _. The units of these vec-

tors in the RS and RM arrays are in earth radii and hours.

If trouble of any kind is encountered in JPLEPH, a warning message

is printed by PERCYN, CO1 is set equal to 2.0, and a return is executed

to CIST.

If no such difficulty is encountered, EMR and k_4RDOT are first

calculated.

--3443.93358

EMRDOT = 3443.93358 • VM
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RAM is calculated using a four quadrant arctangent function. RA6

is calculated by merely adding w to RAM and calling HELP to define it
between w and -w.

RAM = tan-l'(RMy/RMx )

RA6 = RAM + w

CALL HELP (RA6)

DECM is calculated using a two quadrant arctangent function. C6 is

then defined as the negative of DECM.

DECM= tan -I

[ RMz1RM 2 + RM 2
x y

C6 = -DECM

The cartesian components (XHM, YHM, ZHM) of the moon's angular

momentum vector (_) are calculated by the straightforward cross product

HM = RM × VM. The moon's angular velocity (WM) is then calculated as

FIM is calculated using a two quadrant arctangent function

FIM = tan-i I_XHM2ZHM+ YHM2 1

RNM is calculated using a four quadrant arctangent function. B6

is then calculated as the difference (RA6 - RNM), defined between w and

-w by subroutine HELP.

RNM = tan- I (XHM/_YHM)

B6 = RA6 - RNM

CALL HELP (B6)
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Knowing B6 and FiM, A6 is calculated using a four quadrant arctangent

function, the argument of which is designed to give answers in the proper

quadrant. AM is then calculated as A6 + _, defined between n and -7

by subroutine HELP.

tan B6A6 -- tan- i L c-g_ _'_

AM=A6+w

CALL HELP (AM)

Knowing B6 and C6, AZ6 is calculated using a four quadrant arctangent

function, the argument of which is designed to give answers in the proper
quadrant.

AZ6 = tan -I Llsi n C6

The solar ephemeris variables RAS, DS, and AS, are calculated using
four and two quadrant arctangent functions.

RAS = tan-i [RS /RS]y x

DS = tan -I z

RSx2 + RSy2

AS = tan-__/__ll

j
Quadrant allocation of AS is achieved by additional statements testing
RS and RS .

X Z

The solar variables SMOPL and SMOPD are then calculated. In doing

this, two intermediate vectors S--'C-_and I_, are used.

SCHM = RS x HM

IV = RM x SCHM



37

MOP

IV_

ttN

J

SsMoP D

SCHM

In the above illustration IV is coincident with HM.

First, using a fo___quadrant_ arctangent subroutine, SMOPL is calculated
as the angle from RN to SCttN.

-lSMOPL = tan

• SCHMJ

This value of SMOPL will always be in either the first or second quadrants.

If the sign of (_ • _) is negative, this angle should be in the third

or fourth quadrant. In this case, the__sign__of this value of SMOPL is
made negative. With the angle from RM to SCHM defined in the proper

quadrant, SMOPL is then calculated as the aforementioned angle (stored in

SMOPL) plus w/2 and then defined between w and -w by subroutine HELP.

SMOPL = SMOPL + w/2

CALL HELP (SMOPL)
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SMOPD is then calculated

F t--'L]
SMOPD = _ -i SChM

- tan |_..._.|
LRs

Return is then executed to the program calling PERCYN.

2.1.4.2 Derivations or references: See reference 4.

2.1.5 Restrictions.-

2.1.5.1 Range of m_mbers that can be processed: Input is restricted

in that only the years 1950 through 1999 can be interrogated on the

ephemeris tape. Other numerical limits will be imposed by the system

FORTRAN library functions.

2.1.5.2 Range of applicability: Providing that the ephemeris has

been properly initialized by an external driver, PERCYN can be used by

almost any other program assuming the user has the storage array definitions.

In a general sense, the argument TOPCY can be any time relative to a

pre-established base time.

2.1.5.3 Other programs required: Subroutines JPLEPH and HELP.

2.1.6 Accuracy.- See "Restrictions" above.

2.1.7 Codin_ Information.- All calculations are single precision.

The only exception is that JPLEPH requires double precision arguments.

2.1.8 Listing.-

(Listing continued on next page)
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..'o

ZQ_I

EQJI

E@dl

ZQJI

_QJI

EQJI

_QJI

EQJI

ZQJI

E_Ol

E_OI

E@OI

VALENCE (XMS(IO),.RAB)
VA_ENC£ (XMS(II),S_)

VA_NCE (XMS(12),BS)

VA_ZNCE (XMS(13),AZ_)

VALENCE (KMS(15),XH_)
VALENCE (X_S(I_),Yd_)

VA-gNCE (XMS(17),ZHM)

VA_ENC_ (XMS(21),SMOPL)
VA_ZNCE (XMS(22)tS_OPD)

VALENC_ (XMS(23),AS)

VALENCE (X_S(24),RAS)

VALENCE (X_S(25),DS)

EQUIVALENCE (TAR(I},COI)

PIzJ.I_I5927

TzTOPCY

CA_L JPLEPH (O,T,I,RS,R_,P_,IERR)

IF(IZRR.E_.O) GO TO _0

_RITZ (5,900)
COI=2.0

RETJRN

EMRzR_(V)_C

RAM=ATAN2(RM(2),Rq(1))
RAszRA;_+PI

CA_ dELP (RA_)

DEC_zATAN2(RrA(3),SQRT(R_(1)_RM(1)+RM(2).RM(2)))
C6=-DECM

RN_zATAN2(Xd_,(-YH_))

B6=RA_-RNM

CA_ HELP (_6)

A6:ATA_2(SI_(B_},CQS(B_)_COS(FI_))
AM:A_+PI

CA_ H_LP (AM)

AZ_zATAN2(ASS(SIN(B6)),COS(B6)_ABS(SIN(C6)))
RASzATA_2(RS(2),RS(1))

DSzATA_(RS(3),S@RT(RS(1)_RS(1)+RS(2)_RS(2)))

AS=ATAr_(SQRT(RS(5)/(RS(1)_RS(1)}-I.0))

IF(RS(I}.L.T.O.O} AS:_I-AS

IF(RS(3).LT.O.O) AS=-AS

(Listing continued on next page)
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YSCH4z_S(3)_XH_-RS(1)*ZHM

XlV=<M(Z)_ZSCHq-R_(3)_'FSCH_

YIV:R_(3)*K_CH_-R_(1)*LSC4_

ZIV:R'4(1)#YSZHM-RM(2)_XSCHM

S_a__:_TAq2(S_R[(XIV*KIV+YIV*YIV+ZIV_ZIV),

I RM(1)*XSCH_RM(2)*YS;H_+R_(3)*ZSCqM)

IF (×iV*XHM÷YIV*Y4_+ZIV_ZH_,LT,O,O) 5_O_L:-SMO=L

5_3P]z_I/2.J-AT&N2(SQ_T(XSCHM*×SCHM+YSC-4M_YSCq_+ZSCHM_

i ZSCHM},RS(i)*xHM÷R_(2)*YH_+RS(3)_ZHM)

REIJR4

9Jd FORvI_[(///_O×,7OHTHE X_S ARRAY WE DI3 _OT _ILL'

I =OR A_L I_ NOT @iL_ _N £P_E_fRIsVI_uE,)

2.2 Subroutine ENERGY

2.2.1 Identification.-

ENERGY (Trajectory Simulation Routine)

F. Johnson, January 31, 1968

IBM 7094

FORTRAN IV

2.2.2 Purpose.- Subroutine ENERGY computes the energy at perigee of
a specific simulated trajectory.

2.2.3 Usage .-

2.2.3.1 Calling sequence: Call ENERGY (IPERT, C4)



2.2.3.2 Arguments:

Parameter
name In/0ut

IPERT In

C4 In

Dimension

Integer

Real

Description

Perturbation instruction

index

=0, no perturbations

=l, only earth oblateness
considered

=2, only solar gravita-

tion considered

=3, both earth oblateness

and solar gravitation

are considered

Declination of perigee

(radians)

2.2.3.3 Label common:

Location in

SIMUL block

13

14

15

31

MNEMONIC

XPC

YPC

RPC

EMR

Description

Longitude of pericynthion of the

simulated trajectory in a moon-

centered MOP coordinate system,

measured counterclockwise from the

extension of the earth-moon axis

on the back side of the moon,

in degrees.

Latitude of pericynthion of the

simulated trajectory in a moon-

centered MOP coordinate system,

in degrees.

Radius of pericynthion of the

simulated trajectory relative to

the moon's center, in nautical miles

Earth-moon radius at the time of

pericynthion of the simulated tra-

jectory, in nautical miles
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Location in
SIMUL block

32

51

61

66

88

2.2.3.4 Sample usage:
above.

MNEMONIC Description

EMRDOT EMR, the first derivative of

earth-moon radius with respect

to time, in knots.

SMOPL Longitude of the sun in an

earth-centered MOP coordinate

system, measured counterclockwise

from the position of the moon

at the time of pericynthion of

the simulated trajectory, in
radians.

FIVTL Inclination of the trajectory

plane to the MOP, defined at

perigee. FIVTL is defined as

negative if the trajectory is

going below the MOP, in radians.

W Energy at perigee of the

simulated trajectory, in (inter-

national ft/sec)2.

V 2
W=--_ _-

2 r

R4 Radius of perigee of the simu-

lated trajectory relative to

the earth's center, in nautical
miles

Refer to "Calling Sequence" and "Label Common"

2.2.3.5 Storage required: Coding occupies 5778(38310) locations.

2.2.3.6 Error codes and diagnostics: There are no error codes or

diagnostics.

2.2.4 Method.-

2.2.4.1 Statement of algorithm: The effects of solar gravitation

(SEW) and earth oblateness (EOBW) on trajectory energy (W) at perigee,
are first calculated.

SEW = [3.9 sin(2 SMOPL - 1.657) - 1.3] x 104

EOBW = (5.97 - 2.67 cos C4) (105cos 2.5p C4)



After each of these calculations, IPERT is tested to see whether the

effect of the perturbation is to be considered in the final value of W.

If it is not to be considered, the value of the perturbation effect

(SEW or EOBW) is set equal to zero.

Two intermediate variables, PHI and FI, are defined for use in the

final equation for W. These two variables have no known physical signi-
ficance.

)0 + "3 XPC

PHI = tan _- _7-2_'5"_,

FI =
1

EMR - 29000.0

The angle F is next computed for use in the final equation for W.

As described in reference l, F is the difference between two angles,

A and B, measured from the general node. As shown in the following

figure, A is measured to the earth-moon axis, and B is measured to

pericynthion. The longitude, XGN, and latitude, YGN, of the general node

are given by empirical equations which are approximations.

YGN o__ A

General
node

XGN

Ea rth-moon

axis

l
XPC

÷

Pericynthion

MOP



XGN(deg) = -68.0 + EMR + 0.625 XPC
i0000.0

YGN(rad)=-sin FIVTLIg"6- 0"1657.29(XGN + 48"0)1578

XGN (rad) = XGN (deg) /57.29578

The calculation of A and B are straightforward problems in spherical trig-

onometry. Two additional intermediate variables involved in these

calculations are as follows:

C0A = cos A

and

COB = cos B.

F is then given, in degrees, by the simple equation

F = 57.29578 (B-A)

The value of W is then calculated using the following equation:

W = -2714728.4 - (1.4002127 x 1012)Fl + EMRDOT [3070.6244

+ (2.1L70226 x I08)FI + 1.1495569 EMRDOT] + 750. R4

+ (i.0- cos FIVTL)(2.2 EMR - 6.8 x 104 ) + F(-75150.

- .05 EMR - 8.75 EMRDOT) - [4050.

+ 364500./(F-90.)] (2.25 EMRDOT- .01 EMR + 7070.)

+ (8.6016 x 106 ) PHI2rl./[(RPC _ 1015.)/(2217.025 PHI)

+ i.] -i.] + SEW + EOBW

2.2.4.2 Derivation or references: See reference i.
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2.2.5 Restrictions.-

2.2.5.1 Range of numbers that can be processed: The only requirement

of the input ephemeris variables is that they represent realistic

earth-moon-sun conditions. The input trajectory variables must represent
a translunar trajectory of the type described in the reference.

2.2.5.2 Range of applicability: Subroutine ENERGY is designed for

use with the CIST package. However, ENERGY can be used in other

applications of simulated trajectories.

2.2.5.3 Other programs required: No other programs are required.

2.2.6 Accuracy.- The greatest accuracy of the perigee energy equation

in this subroutine, will be obtained if RPC is within several hundred

nautical miles of 1015 n. mi., and R4 is within several tens of nautical

miles of 3_50 n. mi. The constraint of RPC is at present the more serious

limitation. Usable values of W are given by this subroutine for RPC's

of several thousand nautical miles with reasonable consistency. Greater

accuracy will also be achieved the closer XPC and YPC are to zero; however,

these restrictions of XPC and YPC are not nearly as critical as the limi-

tations of RPC and R4. Reasonable accuracy should be expected if XPC is

kept between 20 ° and -50 ° and YPC is kept between l0 ° and -10 °. Greater

accuracy should,be expected the closer IFIVTL I is to zero.

2.2.7 Coding information.- All calculations and input/output are
'in single precision.

2.2.8 Listins.-

C

C

C

SU_ROJTINE ENERGY (I_ERT,C_)

CO_O_ / 5iHJL / PRZ(30),X_S(25),TAR(25),TRAJ(20)

Z@JLVA_ZNS_ (_RZ(15),×PC)

Z@JIVA_ENC£ (_RE(I_),Y_C)

ZQJiV_ENCE (_RE(15),RPC)

EQJIVA_ENCE (X_S(I},Z_R)

EQUIVALENCE (X_S(2},Z_RDOT)

EQJIVA.EN_Z (X_B(21),S_OPL)

EQJIVA_ZN_E (TAR(5},=IVTL)

Z@JIVA_ZNCZ (TAR(ll},_)

ZQJIVA_ENCZ (TRAJ(8},R_)

SEn = ET=ECT OF SOLAR SRAVITATIO_

SEW=3.9m+O_*SI_(2. 0*SMOPL-I. 657}-I. 3E÷04

(Listing continued on next page)
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i;(iPi4T.Ea.O.O_(.IP_iT.Z_.l) 5£_=0.0

E3_ = EV=fCT _= EAR[I OBLATENCS5

_09a=(a.97-2.57_SO5(C%))_COS(2.55_C4)_I.O/+05

iF(I_Z_T.Ia.O.OR.IPi_T.Z@.2) E03_=O.O

I

3

5

DP4:D7.2

PHi:(30.
PHI:S14(

:1:1.0/(

×GN:-50.

Y_:-SI_

SDA:SO_(
A:A[&_(5

SOo:_l _(

O:AIAq(5
::(3-&)_

.:-_71_7

=I_.I_7

+R_730,

+:_(-751

-(4050.0

+_.o01o0

+5i_+£03

REI-O_q

END

951_0

O+XPC_O.55aQSb57)IDPR
PHI)I:3S(_II)

EMR-29UOO.U;

O+i_R/IOOOU.O+O.525_XPC

(=I_T.)_(9.O-O.15_(XSN+_8.0))/D=R
D_R

X3q)_COS(Y6N)

@RT(I.O/(SO&_SOA)-I,O))

Y3q)_5

QRf(I.
D=R

2B._-I
022a-+

0+(i.0

50.0-0

+35_53

0-+05_

IM(YPS/D_R)+COS(YSN),COS(YPC/DPR)_COS(×_C/]PR-ASN)
0/(S05_30_)-1.0))

._O0ZI27E+I2#:I+EMRDOT_(3070.52_+

D5+E_RDOT_l.l_95569)

-CO5(:ICT_))_(2.2_EMR-5.SZ+O_)
.05#i_-EMRDOT_B.75)

O.O/(:-90.O))#([MR30[_2.25-EM_O.01+7070,O)

PHI_2_(I.O/((R=C-1015.0)/(2217.0250_HI)+I.O)-I,O|

2.3 Subroutine FLYTYM

2.3.1 Identification.-

FLYTYM (Trajectory Simulation Routine)

F. Johnson, January 31, 1968
IBM 7094
FORTRAN IV

2.3.2 Purpose.- Subroutine FLYTYM calculates the perigee to

pericynthion flight time of a specific simulated translunar trajectory.

2.3.3 Us&ge.-

2.3.3.1 Calling sequence: CALL FLYTYM (IPERT, RQDFT)



2.3.3.2 Arguments :

Parameter

name In/out Dimension

IPERT In

RQDFT Out

2.3.3.3 Label common:

Type

Integer

Real

Description

Perturbation instruction

index

=0, no perturbations con-

sidered

=i, only earth oblateness

considered

=2, only solar gravitation

considered

=3, both earth oblateness

and solar gravitation

considered

Flight time from perlg_

to pericynthion on the

simulated translunar

trajectory in hours

Location in

SIMUL block

13

14

15

MNEMONIC

XPC

YPC

RPC

Description

Longitude of pericynthion of the

simulated trajectory in a moon-

centered MOP coordinate system,

measured counterclockwise from the

extension of the earth-moon axis

on the back side of the moon,

in degrees.

Latitude of pericynthion of the

simulated trajectory in a moon-

centered MOP coordinate system,

in degrees.

Radius of pericynthion of the

simulated trajectory relative to

the moon's center, in nautical

miles.
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Location in

SIMUL block MNEMONIC Description

31 EMP_

32 EMRD

51 SMOPL

61 FIVTL

Earth-moon radius at the time of peri-

cynthion of the simulated trajectory,

in nautical miles.

E_R, the first derivative of earth-moon

radius with respect to time, in knots.

Longitude of the sun in an earth-centered

MOP coordinate system, measured counter-

clockwise from the position of the moon at

the time of pericynthion of the simulated

trajectory, in radians.

Inclination of the trajectory plane to

the MOP, defined at perigee. FIVTL is

defined as negative if the trajectory

is going below the MOP, in radians.

2.3.3.4 Sample usage: Refer to "Calling Sequence" and "Label

Common" above.

2.3.3.5 Storage required: Coding occupies 4578 (30310) locations.

2.3.3.6 Error codes and diagnostics: There are no error codes or

diagnostics.

2.3.4 Method.-

2.3.4.1 Statement of algorithms: The effect of solar gravitation

(SGFT) on flight time is first calculated.

SGFT = (F_m)(2 × lO-7) + cos (0.17_5 - 2 SMOPn)[(E_)(?.6 × 10-7 )

- (EMRD)(7.5 × 10-5) - 0.1554] - 0.028

IPERT is then tested to see if the effect of this perturbation is to be

considered in the final value of flight time (RQDFT). If it is not to

be considered (IPERT = 0 or i), SGFT is set equal to zero.

The angle F is next calculated for use in the flight time equation.

As described in the reference, F is the difference between two angles,

A and B, measured from the general node. As shown in the following

figure, A is measured to the earth-moon axis, and B is measured to

pericynthion. The longitude, XGN. and latitude, YGN, of the _eneral node

are given by approximate empirical equations.



x
Earth-moon

8xis

Pericynthion

MOP

XGN(deg) = -68.0 +
EMR

I0 000.0
+ 0.625 XPC

YGN(rad) =(-sin FIVTL)
9.6 - 0.16 (XGN + 48.0)

57.29578

XGN(rad) = XGN/57.29578

The calculation of A and B are straightforward problems in spherical

trigonometry. Two intermediate variables involved in these calculations

are as follows:

C0A = cos A

COB = cos B

F is then given, in degrees, by the simple equation

F = 57.29578 (B - A)

The perigee-to-pericynthion flight time of the simulated trajectory is

then calculated using a lengthy empirical equation. This flight time

is given the address RQDFT because in the present CIST logic, this is

the required flight time, as opposed to available flight time.
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F
ROpFT = 1-23.480035 + (4.455251 × i0 -_*) EHR

- EMIRD [(1.(/_23713 x 10 -7 ) EMR - (].5007662 × 10 -2 ) ]

+ (cos/ FIVTL- 1.0)((2.4 × 10 -5) F_4R- 3.96) \
-(o.oz2-(_.3 _ lo-G) z,_ + (5.o _ lo-")_:_D) 2

/

425._3i91 + 1.0/ 2.209 × lO-5)F/

-(i. 32 × i0-5)EMR +0., 002 _HRD)- 0.00235)

+ SC-FT|(_RC/1015.0)°"17
J

Having calculated the flight time, a return is given by the subroutine.

2.3.4.2 Derivations or references: See reference i.

2.3.5 Restrictions.-

2.3.5.1 Range of numbers that can be processed: The only require-

ment of the input ephemeris variables is that they represent realistic

earth-moon-sun conditions. The input trajectory variables must repre-

sent a translunar trajectory of the type of described in the reference.

2.3.5.2 Range of applicability: Subroutine FLYTYM is designed for

use with the CIST package. However, FLYTYM can be used in other appli-

cations of simulated trajectories.

2.3.5.3 Other programs required: No other programs are required.

2.3.6 Accuracy.- The greatest accuracy of the flight time equation
in this subroutine will be obtained if RPC is within several hundred

nautical miles of 1015 n. mi., and perigee radius is within several tens

of nautical miles of 9550 n. mi. The constraint of RPC is at present the

more serious limitation. Usable values of RQDFT are given by this sub-

routine for RPC's of several thousand nautical miles with reasonable con-

sistency. Greater accuracy will also be achieved the closer XPC and YPC

are to zero; however, these restrictions of XPC and YPC are not nearly as

critical as the limitation of RPC. Reasonable accuracy should be expected

if XPC is kept between 20 ° and -50 ° , and YPC is kept between i0 ° and -i0 °.

Greater accuracy should also be expected the closer IFIVTLI is to zero.

2.3.7 Codin_ information.- All calculations and input/output are in

single precision.
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2.3.8 Listing.-

C

C

C

SJ_RDJTINZ _YTY_ (IPZRT,R@DFT)

CO_JN / SI_U_ / PRZ(30),X_SI25),TAR(25),TRAJ(20)

Z@JIVA_ZNCZ (_RZ(13).,×PC)

EQJIVA.ZNCZ (_RE(I_),YPS)

ZQJIVA_N_E (_RZ(15)rR_C)

_QJIVA_ZN_ (X_S(1)pZ_R}

EQJIVALZN_£ (RMS(2),ZMRD)

EQJIVA_ZN_Z (XMS(21),SMO_L)

Z@JIVA_ZNS£ (TAR(5},_IVTL)

DPR:57,2957_

S@_T : ZF_£CT OF SOLAR GRAVITATION

53FT:2.0E-O7*Z_R+COS(O,1745-2,0*S_OPL)*(E_R_9,5K-OT-K_RD*?,5_-05
I -0.155_)-0,02B

IF(IPERT._Z.1) S_=T:O.O

XSNz-5_.O+£_R/IOOOO.O÷O.B25*XPC

YGNz-SIN(=IVT_}*(9.5-O.15*(XGN÷4B.O))/DPR

XGN:X3_/DPR

COA:CDS(XSN)_=OS(YSM)

A:ATA_(S@RT(I.O/(SOA_COA)-I.O}}

CO_:SIN(YS:_)*SIN(YPCI]PR)+_OS(YSN)*COS(YPC/DPR}*COS(XPC/DPR-X@N)

3:ATAN(S@RT(1.0/(:03_C03}-I.0))
F:(_-A)*DPR

R@DFT:(-23._BOO35+ZMR_.455251E-O4-EMRD*(EMR_I.6723713K-O7

i -1.500755ZZ-02)+(COS(=IVTL)-l.0)_(Z_R_2.4E-05-3.96}

2 -(O.012-3.3Z-OS*Z_R+5.0Z-O_*Z_RD)_*2
*(425.53192+l.0/(=*2.209E-O5/(O.O4B-Z_R*l.32E-O5+Z_R3*O.O02)

-O.O0255))+S5=T),(RPC/I015.0)**O.17
RZTdRN

END
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2.4 Subroutine SUBB

2.4.1 Identification.-

SUBB (Trajectory Simulation Routine)

F. Johnson, January 31, 1968

IBM 7094

FORTRAN IV

2.4.2 Purpose.- Subroutine SUBB calculates two angles, BETA and AFNTNFH,

which are output in its calling argument. These two angles are shown

in the following figure.

Pericynthion

nadir

- 9

i-_--BETA --------:+

Orbit-trajectory

plane

MOP

BETA is essential to the definition of the perigee state vector of the

simulated trajectory in CIST. The angle AFNTMH (stands for angle from

_ode to M-hat) is essential to the definition of TLI tarteting elements
in CIST.

The calculations of BETA and AFNTMH are based upon the use of an empirical

mechanism called the translunar injection^tangency surface, which is

described in detail in reference 3. The M TLI target vector is defined

as the point of tangency of the orbit-trajectory plane on the tangency
surface.
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2.4.3 Usa._.-

2.4.3.1 Calling sequence:

2.4.3.2 Arguments :.

CALL SUBB (IPERT, BETA, AFNTMH).

Parameter

name

IPERT

In/Out Type

In Integer

BETA Out Real

AFNTMH Out Real

Description

Perturbation instruction index

=0, no perturbations considered

=i, only earth oblateness considered

=2, only solar gravitation considered

=3, both earth oblateness and solar

gravitation considered

The angle measured in the MOP from

the node of the outgoing trajectory

on the MOP to the pericynthion

nadir. BETA is defined as negative
when pericynthion nadir occurs behind

the node, as is normally the case.

Angle in the orbit-traJeatory plane
A

from the MOP node to the M TLI

target vector

2.4.3.3 Label common:

Location in

SIMUL block MNEMONIC

13 XPC

14 YPC

36 AM

Description

Longitude of pericynthion of the

simulated trajectory in a moon-centered

MOP coordinate system, measured

counterclockwise from the extension

of the earth-moon axis on the back

side of the moon, in degrees.

Latitude of pericynthion of the

simulated trajectory in a moon-centered

MOP coordinate system, in degrees.

Argument of the moon in the MOP,

at the time of trajectory pericynthion,

past the ascending node of the MOP on

the earth's equator, in radians.
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Location in

SIMUL block MNEMONIC Description

55 DS

61 FIVTL

Declination of the sun at the time

of trajectory pericynthion, in radians.

Inclination of the trajectory plane

to the MOP, defined at perigee.

FIVTL is defined as negative if the

trajectory is going below the MOP,
in radians.

2.4.3.4 Sample usage: Refer to "Calling Sequence" and "Label Common"

above for usage.

2.4.3.5 Storage required: Coding occupies 4718 (31310) locations.

2.4.3.6 Error codes and diagnostics: If the latitude (YT) of the

axis of mutual tangency is greater than IFIVTLI, the following message

is written: "WARNING, TANGENCY SURFACE PROBLEM, YT DEFINE_ AS SIGN

(ABS(FIVTL), YT)."

2.4.4 Method.-

2.4.4.1 Statement of algorithms: Detailed descriptions of the theory

and use of the tangency surface are very lengthy and can be found in

reference 3. The equations used in this subroutine are identical to those

presented in the reference.

First, the longitude, XC, and latitude, YC, in the MOP coordinate

system, of the center of the tangency surface lobe which will be used,

are calculated in radians.

XC =
1.93 - 0.037 XPC

57.29 578

YC = SIGN (i.0, FIVTL)(0.60 - 0.02XPC) - 0.035 YPC
57. 29578

The intermediate variable PLUS is next defined. PLUS is the equivalent

of the product of Q and cos (AM - S) as described in reference 3. PLUS

contains the effects of solar gravitation and earth oblateness. Con-

sequently, the method used to define PLUS is dependent upon the pertur-

bation instruction index, IPERT.
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If IPERT = 0,

If IPERT -- i,

If IPERT = 2 or 3,

PLUS = 0

PLUS = 0.0317 cos IAM

[ 57._578]

PLUS: (0.0285+ 0.0115cos(3.8_OS_cos(_
i0 + 5 cos (3.85 D_

57. 29578 /
The latitude, YT, relative to the MOP of the node of mutual tangency of

the two lobes of the tangency surface is next calculated in radians.

YT = PLUS - YPC (0.015165 - 0.000201 XPC)
57. 29578

In order for tangency to be achieved, IFIVTL I > IYTI. A test is next

made to see if this condition is satisfied. If this condition is not

satisfied, YT is redefined as follows,

YT = SIGN (IFIVTLI, YT)

such that tangency can be achieved.

Prerequisite to the calculation of BETA and AFNTMH is the calculation

of the angle Z, shown in the following figure. The negative of the sine
of Z is denoted as S.

Trajectory

plane

Pericynthion

nadir ,,....

• ..... /.

i -i*zk_ MoP

-i÷ XC .!
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S is normally found by straightforward spherical trigonometry.

- sin (YT - YC) - cos FIVTL sin YCS =

sin FIVTL cos YC

and Z is defined as,

z = - sloN (1.o, s)

However, if the condition IFIVTLI < IYTI was originally detected, and YT

was redefined so that tangency can be achieved, the above equations are

not used to calculate Z. In these cases, Z is defined as equal to w/2

if FIVTL and YT have the same sign, or equal to -7/2 if FIVTL and YT have

dissimilar signs. This insures that the trajectory node on the MOP, from

which BETA and Z are measured, is the node nearest perigee.

With Z defined, BETA is simply calculated in radians as

BETA = Z - XC

The angle AFNTMH is then calculated using the intermediate variables

COTH and SITH, which are the sine and cosine of the angle e shown in the

following figure.

Pericynthion

nadir

9

_:+

Trajectory

plane

xo

\
MOP
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C

C

C

%.

C

COTH = sin FIVTL cos Z

SITH =_ - COTH 2

The equation used to calculate AFNTMH is based upon plane trigonometry

approximations, not pure spherical trigonometry.

Z YC - YT
AFNTMH = +

cos FIVTL tan 8

Return is then executed.

2.4.4.2 Derivations or references: See references i and 3.

2.4.5 Restrictions.-

2.4.5.1 Range of numbers that can be processed: The range has

not been determined.

2.4.5.2 Range of applicability: Subroutine SUBB is a specialized

routine for use only with the CIST package.

2.4.5.3 Other programs required: No other programs are required.

2.4.6 Accuracy.- Accuracy is, in one sense, determined by the system

FORTRAN library functions. The routine was designed for use in simulating

translunar trajectories of the type used in nominal Apollo missions.

2.4.7 Codin5 information.- All calculations are in single precision.

2.4.8 Listins.-

SJ_ROJTI_Z 5J33 (IP__T,OET_,_-NTMH)

80_1_3'_ / 5i_0. / _R£(50),X_S(25),T_R(25),TR_J(20)

E@JIV'A.iN== (=R-(13),X_C)

--aJiVA.ENSi (3R£(14) pYoC)

_ QJ I V &.-",l?., _ (XvI5(5), AM)

EC)JYV&-i-NC - (XvI:_(25) pD5)

E@JIVA.ENC:_ (TAR(5) ,rIVTL)

IN THIS VERSION 3: 5J33, THE iFTEOT

3T 53_AR 3RAVITATION CANNOT BE

SONSI3ERED SEPARATELY :ROM THE

EFZE:T 3: EARTH 33L_TENESS.

(Listing continued on next page)
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3P_:57._95/5

_g:(I.95-O.OJ7,X_=)/O_R

Tg:(-SISN(I.U,:IVT_)*(O.50-O.O2*XPg)-O.O35*YPS)ID:R

P_J_:O.O

i_(IP£RT,E_,O} 39 TO 2O

IF(IPZRT.31.2) _0 rO Iu

PLj_:O.O31liCO_(4_-iD.OID_R)

30 TO 20

iO _jS:(O.O2_SfO.Oll_OJS(3.55135))IOOSlAT-llO.OiS.OIOOSiS.B_i35))

i /3PR)

_O YT={3.J$-YP_(O.OISI55-O.OOO20I_XPC))/3 pR

l=(_S(YT)..T._35(_IVT-)) 30 TO 30

YT:SI$'q(A_(_IVTL),YT)

5:-I.0

iF(FIVTmIYF._T.O.O) 3=I.0

g=-_loq(l.O,5)_90.U/3PR

_RIrE (o,_JO)
60 TO _g

30 _:(-SIq(¥T-fC)-gDS(:IVFL)_iN(YC))/(SI_(FIV[L)_:OS(YC))

Z:-SI3q(I.U,S),_TA4(I.O/SgRT(I.O/(5_S)-I.O))

_0 3EiA:Z-XC

OOI4:31N(:IVT )*:05(Z)

blId:SQRT(i.O-:OTq*:OTfl)

AF_Tq_:Z/:Ob(ZlvT_)+(Y:-YF)*COT_/SIT4

REIJR'_

9Od :ORqAT(13OR,71HnAR.qlq3, TATSENCY 5JR=AOE PROB_EM.

I= Si_N(ADS(:iVTw),YT)//)

Zq_

YT RZDZ_iNZ_

2.5 Subroutine SUBCL

2.5.1 Identification.-

SUBCL (Trajectory Simulation Routine)

F. Johnson, January 31, 1968

IBM 7094

FORTRAN IV

2.5.2 Purpose.- In the present version of CIST, the position of the

perigee of the simulated trajectory in the trajectory plane is defined

by the angle CL. This angle is measured from pericynthion nadir to perigee,

as shown in the following figure. CL is calculated in this subroutine.
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, Perigee

Pericynthion ',
nadir CL

L Trajectory plane

_-/ _ I+--" defined by FIVTL

- if t__ _ - and tangency surface
- k

MOP Tangency

surface

In the reference, wherein the simulation of trajectories is described,

perigee position is defined as the intersection of the trajectory plane

with an empirical mechanism, the translunar perigee surface. This

mechanism is not formulated in the present version of CIST.

2.5.3 Usage.-

2.5.3.1 Calling sequence: CALL SUBCL (IPERT, CL).

2.5.3.2 Arguments :

Parameter

name In/Ou______t Type Description

IPERT In Integer

CL Out Real

Perturbation instruction index

=0, no perturbations considered

=l, only earth oblateness

considered

=2, only solar gravitation

considered

=3, both earth oblateness and

solar gravitation considered

Angle between the pericynthion

nadir and translunar perigee_
in radians



6o

2.5.3.3 Label common: All variables are input

Location in
SIMUL block MNEMONIC

13 XPC

14 YPC

15 RPC

31 EMR

32 km_RDOT

36

51 SMOPL

61 FIVTL

2.5.3.4 Sample usage:

Common" above.

Description

Longitude of pericynthion of the

simulated trajectory in a moon-centered

MOP coordinate system, measured counter-

clockwise from the extension of the

earth-moon axis on the back side of

the moon, in degrees.

Latitude of pericynthion of the

simulated trajectory in a moon-centered

MOP coordinate system, in degrees.

Radius of pericynthion of the simulated

trajectory relative to the center of

the moon, in nautical miles.

Earth-moon radius at the time of

trajectory pericynthion, in nautical
miles.

_R, the first derivative of earth-moon

radius at the time of trajectory

pericynthion with respect to time,
in knots.

Argument of the moon in the MOP past

its ascending node on the earth's

equator, in radians.

Longitude of the sun in an earth-

centered MOP coordinate system, at

the time of trajectory pericynthion,
measured counterclockwise from the

position of the moon, in radians.

Inclination of the trajectory plane

at perigee to the MOP, in radians.

FIVTL is defined as negative if the

trajectory is going below the MOP.

Refer to "Calling Sequence" and "Label

2.5.3.5 Storage required: Coding occupies 2738(18710) locations.

2.5.3.6 Error codes and diagnostics: There are no error codes or

diagnostics.
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2.5.4 Method.-

2.5.4.1 Statement of algorithms: The effects of solar gravitation

(SECL) and earth oblateness (OBCL) upon the angle CL are first calculated.

SECL = (0.ii- (8 × lO -7) EMR_ sin (2 SMOPL + 0.611) - 0.01

\ !

OBCL = (1.6457056 ×"lO-2)Sin (2 AM + 0.166)

Immediately after each calculation, the perturbation instruction index

(IPERT) is tested to see if the given perturbation is to be considered

in the calculation of CL. If it is not to be considered, SECL or OBCL

is set equal to zero.

CL is then calculated by a lengthy empirical equation and converted

to radians for final output.

CL = 6.3814106 - (1.1030239 × l0-5) EMR + (5.3567533 × i0 -B) _4RDOT

+ 6950./(RPC + 652.) + 0,0114 IYPCI + 0.01892 (YPC)(FIVTL)

-cos (FIVTL)(O.O_5 XPC- 1.35) - [0.2457- (4.5 × I0-7) EMR] 2

888.88889 1.0/[5.0625 XPC/(9.828 × 105 1.8 EMR)+

- 0.001125] I + 0.055 XPC
+ SECL + OBCL

CL = CL/57.29578

2.5.4.2 Derivations or references: See reference i.

2.5.5 Restrictions.-

2.5.5.1 Range of numbers that can be processed: This subroutine is

designed for use in simulating translunar trajectories of the type used

in nominal Apollo missions.

2.5.5.2 Range of applicability: Subroutine SUBCL is a specialized

routine for use only with the CIST package.

2.5.5.3 Other programs required: No other programs are required.

2.5.6 Accuracy.- See " Restrictions" above.

2.5.7 Coding information.- All calculations and input/output are

in single precision.
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2.5.8 Listings.-

5J_OJTINZ SJBCL {IPERI,SL)
CO_l_Ot / SiMJ_ / D_:(30),XMS(25),TAR(25)pTRAJ(20)

_QQI_A-L_i (_RE(Io)pXDC)

E@Jl_A_i_3! (X_S(1)PE_)

E_JiVA_EHC£ {X_S(2),_ARDOT)

_@JIVA._N=: (×MS(5),AM)

E_OIVA._N:_ (_MS(21),SMO_B)

E_IVA_Z_C_ (T_R(S),=IvTL)

DP_=57.2957_0

S£8_ Is l'dE ==_3T OF S9.aR 3RAVITATIO_ 0:I C_

S_°.:(U_. .II-5.0L-O7_EMR}.SI:q(2.0_SMOP.+0.611}-O.OI

l_(iDi_l..z.l) 5Z:_:O.O

9j:_ iS [dE E::EST O_ EARTH 03L4TENESS O_ CL

1

2

3

D_:I.54DIObSE-O2_bI\I(2.0_A_I+O.155)

IF(iPZ41.Zd.O._R.IPERT.Eg.2) 05:g:O.O

gL:_.5_I4100-EqR_I.IO30_39£-O5+E_RDOT_5.3507533E-03

_(b_b.45BBg+I.U/(×Pg_5.052D/(9.B_BE+O5-EgR_I._)-O,O011_5))

REIJR'4
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2.6 Subroutine TLIMP

2.6.1 Identification.-

TLIMP (Empirical TLI Simulation Routine)

F. Johnson, January 31, 1968
IBM 7094

FORTRAN IV

2.6.2 Purpose.- The primary function of subroutine TLIMP is to

calculate variables describing an optimum coplanar TLI thrust maneuver.

These calculations are based upon a method of empirically simulating
optimum TLI maneuvers which is described in the reference.

The secondary function of TLIMP is to define the osculating elements
of the trajectory at perigee.

2.6.3 Usa6e.-

2.6.3.1 Calling sequence: CALL TLIMP.

2.6.3.2 Arguments: There are no arguments.

2.6.3.3. Label common:

Block name Input Output

SIMUL 7, 29, and 66 81-92

Refer to METHOD, Statement of algorithms:, for definition of the

above parameters.

2.6.3.4 Sample usage: Refer to "Calling Sequence" and "Label
Common" above.

2.6.3.5 Storage required: Coding occupies 5208 (33610) locations.

2.6.3.6 Error codes and diagnostics: There are no error codes or

diagnostics.

2.6.4 Method.-

2.6.4.1 Statement of algorithms: Input to and output from TLIMP

consists of the following variables in the SIMUL common block.
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Location

in common

block SIMUL MNEMONIC Definition

7 RI

29 TTW

66 W

Orbit radius, in nautical miles

(input)

Thrust-to-weight ratio at beginning

of TLI (input)

Trajectory energy in (international

ft/sec) 2 (input)

V 2 u
W = C3/2 = 2 r

81 ETA True anomaly of TLI cutoff, in

radians

82 APS

83 G7D

84 DV

85 FTOCO

86 R7

87 E

88 R4

89 P

90 A

91 B

92 COEF

Angle from beginning of coplanar

TLI to perigee, in radians (equals

a plus o)

Flight-path angle at TLI cutoff, in

degrees

Characteristic velocity of coplanar

TLI maneuver, in international ft/sec

Flight time on trajectory of TLI

cutoff past perigee, in hours

Radius of TLI cutoff, in nautical

miles

Eccentricity of trajectory at perigee

Perigee radius }

Semilatus rectum

Semimajor axis

Semiminor axis

Coefficient of flight time equations.

Units are hr/n. mi.

Conic elements of

trajectory at

perigee, in nautical

miles

Subroutine TLIMP defines a simulation of an optimum coplanar TLI

thrust maneuver. The type of simulation used is described in reference 2.

This type of TLI simulation, which uses relatively short empirical equations,

is more accurate than simulations using multiple sets of lengthy polyno-

mials.
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The empirical equations of the simulation define ETA, APS, R4, and
DV as functions of R1, W, and TTW.

Beginning of TLI

C irc ular

psrklng orbit

t

TLI cutoff

Trsnslunar

_ __8jeetory

The empirical equations used in TLIMP are those presented in

reference 2. These equations use variables having metric units. These

metric variables, RORB, UE, C3, and CDIF, are defined before the empirical

equations are used.

FPKM Conversion factor, international ft/km

FPKM = 3280.8399

FKMPNM Conversion factor, _km/ n. mi.

FKMPNM = 1.8520

RORB Radius of circular earth parking orbit, in kilometers

RORB = R1 × FKMPNM

UE Gravitational constant of the earth, in km3/sec 2

UE = 398603.20

C3 Trajectory energy, in (km/sec) 2

C3 = 2 × W/FPKM 2

CDIF Difference between the energies of the circular

parking orbit and the trajectory, in (km/sec) 2

CDIF = UE/RORB + C3
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The four empirical equations are as follows:

IIoIIooooo 1ETA = tan -1 2.1397405 - 5750.0 TTW
260.73592 + 1.6338479

CDIF

El °°°°°1APS = tan -I 2.4185082 - 46---_.0"/\ TTW - )

254.80898 + 2.1846192

R4 = RI + (-0.15664127 CDIF3 + 34.568940 CDIF 2

-253.71417 CDIF)/(RORB TTW 2 FKMPNM)

I_ UE _ UE [
DV = CDIF + ROR----_- _ + (DC - 11.61) 2

(2.7022098 - 3850.0RORB)(2.0264543 • 10-6+TTW

After the empirical equations are used to define ETA, APS, R4, and

DV, the conic variables are calculated for output in the SIMUL block.

In doing this, four variables are defined which are not stored in SIMUL.

These four variables are as follows:

VPGSQ

VPG

HSQ

H

Velocity of perigee, squared

Velocity at perigee

Angular momentum of vehicle, squared

Angular momentum of vehicle

The remaining algorithm of subroutine TLIMP is as follows:

U
VPGSQ = 2(W + R-V)

VPG = / VPGSQ

HSQ = (R42)(VPGSQ)

H = (R4)(VPG)

HSQ
p :

U
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-U
A = --

2W

R4
E=I---

A

B = /J(A) (P)r

R7 = P
1 + E cos ETA

G8D = tan-l((Ep )(RT) sin ETA)57.29578

COEF = 6076.11549 A
3600.0 H

FTOCO = COEF(2B tan-l(_ tan ETA1- (E)(RT)sin ETA 1

2.6.4.2 Derivations or references: See reference 2.

2.6.5. Restrictions.-

2.6.5.1 Range of numbers that can be processed: Input data should

be restricted to the ranges of the data from which the simulation

equations were derived. Parking orbit radius (R1) should be within about

40 n. mi. of 3550 n. mi., and thrust-to-weight ratio (TTW) should be

between the approximate limits of .63 and .80. Trajectory energy can

have any value from that of the parking orbit up to 0 (parabolic).

Violation of these limits will only result in questionable accuracy

of the variables which are output by TLIMP.

2.6.5.2 Range of applicability: Subroutine TLIMP is a special routine

intended primarily for use in the CIST package. It can be applied else-

where providing all input falls within the definitions as defined herein.

2.6.5.3 Other programs required: There are no other program

requirements.

2.6.6 Accuracy.- Detailed descriptions of the accuracy of the

empirical equations used in TLIMP, to simulate optimum coplanar TLI thrust

maneuver, can be found in references 5 and 6.

2.6.7 Codin 5 information.- All input, output and computations are

in single precision.
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2.6.8 Listing.-

Sd:_ _,3 J I" i ,',,1- TL.I _4P
=OM'4ON / SI,4d_. / PRS.(30)p×'4S(25)pT/kR(25)pTR_J(20)

5@JIV_,ENS= (PR£(29)tTTW)

E@J_V_INSE (TR_J(1)pE/_)
£@JIV&_EN:_ (TRAj(2)tA=S)
_@JIVA.=N:_ (TRAJ(5)pST3)
£QJIVA.ENCE (TRAJ(_),DV)
E@UlV&_ENCE (TRAJ(b),:fO$9)
ZaUIV_ENSE (TRAJ(a),RT)
EaalVA_EN:E {/R_J(7),E)

E@JLVA_ENSE (TRAJ(9),#)

E@JIVA-E_CE (T_AJ(I1),_)
_JzVA.ENCE (TRAJ(12),CDE =)
J=.2316700_OE+13
_£:59_305.20

:P_:3250._39

ROR3:RI*TKqPN
:3:_.O*w/(:_K

E/A:A/_N((_.I
(250.73592/CD

(2b_.SUB95/:3
R_:RI+(-O.135

3V:(S@RT(CDIT
(2./02209B-RO
TT,)*_P_
VP3_3:_.O*(_+J/R_)
VPS:S34T(V_353)

9

:3
397_05-RORB/5750.O)*(I,Ol_3_50/TT_-O.020)/

IBSOB2-ROR3/_520°O)*(I.O355989/TT_-O°051020_O_)/
I:+2.1545192))
5_I27_C31:_3+3_.55Bg_o_cDIF*_2-_55.71_I7*C]I_)/

+JE/ROR3)-SQRT(UZ/ROR3)+((C3I=-lt.51)**2_
R_/3BbO.O}*(2.02545_3E-OS/TTW+3.53275_BE-OB))/

H:R_VP3

A:-J/(2.0*a)
_:1

R7:
37D
CO:
=TO
,R
RZf
5.'43

.O-R_/&
3RT(ABS(&,=))
P/II.O+E*CDSiZTA))
:&T&I_(Z,R7/3*SIN(£T&))*57.2957_
_:Sd7b.llb_9/3500.O*&/_

7,5I_(Zr_})
JRN
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2.7 Subroutine GEOARG

2.7.1 Identification.-

GEOARG (Trigonometric Routine)

F. Johnson, January 31, 1968

IBM 7094

FORTRAN IV

2.7.2 Purpose.- Subroutine GEOARG is used to calculate angles

describing a state vector in an orbit-trajectory (0-T) plane in a polar

coordinate system. It is not mandatory that the base plane of this

coordinate system be the earth's equatorial plane although this is

usually the case.

Inertial

reference

axis

O-T plane

/

",, AZ

PI

Base plane

Given FI, A, and P_, GEOARG calculates AZ, B, C, and RA. All parameters,

both input and output, are angles, the units of which are radians.

2.7.3 Usage.-

2.7.3.1 Calling sequence: CALL GEOARG (FI, A, RN, AZ, B, C, RA)
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2.7.3.2 Arguments:

Parameter
name In/Out

FI In Real

A In Real

RN In Real

AZ Out Real

B Out Real

C Out Real

Description

Inclination of orbit-trajectory plane

to base plane of polar coordinate system.

The _resent version of GEOARG is limited

to posigrade conditions between the

0-T and base planes. This limitation

necessitates the following restriction

of FI. In radians

0 < FI < 7/2

Argument of state vector in O-T plane

past the ascending node of this plane

on the base plane of the polar coordi-

nate system,. In radians

- _ < A <

Longitude or right ascension in the

base plane of the ascending node of

the O-T plane measured relative to some

inertial reference axis. If the base

plane is the earth's equatorial plane,

RN would be the right ascension of the

ascending node of the O-T plane relative

to the first point of Aries. In radians

-w <RN < w

Azimuth of the O-T plane at the state

vector in the polar coordinate system.
In radians

0 <AZ < _

Longitude of the state vector, measured

in the base plane, past the ascending

node of the O-T plane on the base

plane. In radians

- w < B < _r

Declination of state vector relative

to base plane of coordinate system.

In radians

- 7r/2 < C < 7/2



Parameter

n_e

RA

In/Out Type

Out Real
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Description

Longitude or right ascension of the

state vector, measured in the base plane
from the inertial reference axis. If

the base plane is the earth's equatorial

plane, RA would be conventional right

ascension measured from the first point

of Aries. In radians

-_<RA<7

2.7.3.3 Label common: There is no label common.

2.7.3.4 Sample usage: Refer to "Calling Sequence" above.

2.7.3.5 Storage required: Coding occupies 4168 (27010) locations.

2.7.3.6 Error Codes and diagnostics: There are no error codes or

diagnostics.

2.7.4 Method.-

2.7.4.1 Statement of algorithms: Initially, tests are made for

special situations wherein the calculations of AZ, B, and C do not require

the normally used arctangent equations.

If FI = 0 , AZ = 7/2

If FI = w , AZ = - w/2

If FI : w/2 and IAI < [ ,AZ = 0

7 w AZ=7
If FI = _ and A _> _ ,

7

If FI = _ and A _ - _- , AZ =

If A = w/2 , AZ = 7/2

If A = -w/2 , AZ = w/2

If A=0 ,

IfA=w ,

B=A C=0

B=-A C=O

B=0 C=A

B=w C=7-A

B=7 C=-A-w

B = w/2 C = FI

B = -w/2 C = -FI

AZ = w/2-FI B = 0 C = 0

AZ = 7/2+FI B = 7 C = 0
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If none of the above conditions exist, AZ, B, and C are calculated
by the following arctangent equations. A two quadrant (ATAN)function is
used to calculate C. A four quadrant (ATAN2)function is used to calculate
AZ and B, the arguments being chosen to provide answers in the proper

quadrant. (
AZ = tan -I ctn F_I

\ cos A/

B = tan -I (tan A cos FI)

C = tan -I (tan FI sin B)

In all cases, RA is calculated as the sum of RN and B, defined

between +w by calling subroutine HELP.

2.7.4.2 Derivations or references: There are no derivations

or references.

2.7.5. Restrictions.-

2.7.5.1 Range of numbers that can processed: See the range restric-

tions of input parameters under argument description.

2.7.5.2 Range of applicability: GEOARG is designed for use in the

CIST system. However, it may be applied to other programs within the

confines of its definition.

2.7.5.3 Other programs required: Subroutine HELP is required.

2.7.6 Accuracy.- Limits of accuracy are determined by the limits

of the system FORTRAI_ library functions.

2.7.7 Codin 6 information.- All calculations and input and output

are in single precision.

2.7.8 Listing.-

SJ_ROJI'IN_ 3£D_R3 (-I,A,RN,AZ,B,C,RA)

C
t"

r.,
N,,

C.

C

IqPJT - :I - INCLINATION 0 = O-T PLANE TO 3ASZ PLANE

A : ARDJMZNT PAST ASCZNDIN$ NODE IN O-T __ANE

Rq : RIoHT A_CZ_513_ O z ASCZNDIN$ NODZ

C jJfPJT z AZ z ALIMJTH

C 3 : .OqoIfdDE iN 3ASE PLAZ PAST ASCENDIN3 MODE

(Listing continued on next page)
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C
C
C
C
C

3 = 3ZC_I:qATION RZLATIVE

RA = R_3_T ASCZ_513_

AL_ A_3LZ_ ARZ I_ RA]IANS

PI=0.1_15927
4P=&.57079535
IF(FI._Z.O.O) 30 TO &O
AZ=_P

3=A

3:0.0
30 TO 70

10 IF[FI._£._I) 30 TO 20
AZ=-4_

3=-A

3:0.0
$0 TO 7U

20 IF(_I._Z.H_) 33 TO 30
AZ=O.O
3=0.0

IF{Ag_{A)..r._) GO TO
AZ:PI

3=Pl

3=Si3q(PI,_)-A
30 TO 70

50 IF(Ag_(A)._,_P) GO TO

3:SI$'q(_P,A_(HP-FI))

CzSIS_{FI,A]

30 TO 70
_0 IF(_._.O,O} 30 TO 50

5=0.0
C:O.O
AZ:dP-_i

80 TO lO

50 IFiA._Z.PI) GO TO 60

_:Pl

C=O.O

AZ=_P+FI

gALL 4Z_P (_Z)

80 TO 70

70

_0

TO 3ASZ

bO AZ=_TA_2(COS(=I),SIN(=I)*COS(A))

8=ATA_2(SI_(A)_COS(_I)_COS(A)}
C:ATA_(SI_(_I)_SIN(B)/305(_I))

lO RA:R_÷_

CAL_ HZLP (RA)

RZIJR_

ZN3

PLANZ
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2.8 Subroutine GEOLAT

2.8.1 Identification.-

GEOLAT (Trigonometric Routine)

F. Johnson, January 31, 1968

IBM 7094

FORTR_ IV

2.8.2 Purpose.- Subroutine GEOLAT is used to calculate angles

describing a state vector in an orbit-trajectory (O-T) plane in a polar

coordinate system. It is not mandatory that the base plane of this coor-

dinate system be the earth's equatorial plane, although this is usually

the case.

Inertial

reference axis

FI

O-T plane

Base plane

Given FI, C, and RA, GEOLAT calculates A, B, AZ, and RN. There are two

solutions to this type of problem, one having azimuth greater than w/2,

the other having azimuth less than w/2. The desired solution is indicated

by the index I, which is input in the calling argument. With the exception

of I, all parameters are angles, the units of which are radians.

2.8.3 Us___. -

2.8.3.1 Calling sequence: CALL GEOLAT (FI, C, RA, I, A, B, AZ, RN).



2.8.3.2 Arguments:

Parameter
name In/Out

FI In Real

C In Real

RA In

I In

A Out Real

B Out Real

Integer
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Description

Inclination of O-T plane to the base

plane of the polar coordinate system.

The present coding of GEOLAT is limited

to posigrade conditions between the

O-T and base planes. This limitation

necessitates the following restriction
of FI. In radians

0 < FI < w/2

Declination of the state vector relative

to the base plane of the coordinate system.
In radians

J/2 < C < 7/2

Longitude or right ascension of the

state vector, measured in the base

plane from the inertial reference

axis. If the base plane is the

earth's equatorial plane, RA would

be conventional right ascension

measured from the first point of
Aries. In radians

-w<RA<_

Index defining which of two possible
solutions is desired.

I = i solution with 0 < AZ < _/2

I = 2 solution with w/2 < AZ <

Argument of state vector in the O-T

plane past the ascending node of this

plane on the base plane of the polar

coordinate system. In radians

-w <A< _

Longitude of the state vector, measured

in the base plane, past the ascending

node of the O-T Diane on the base

plane. In radlsns

-_ <B< w
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Parameter

name In/Out Type Description

AZ Out Real Azimuth of the O-T plane 8t the state

vector in the polar coordinate system,

in radians. Since the present coding

of GEOLAT is limited to posigrade cases,

0 <AZ < _

RN Out Real Longitude or right ascension in the

base plane of the ascending node of the

O-T plane measured relative to some

inertial reference axis. If the base

plane is the earth's equatorial plane.

RN would be the right ascension of the

ascending node of the O-T plane

relative to the first point of

Aries. In radians

2.8.3.3 Label common: There is no label common.

2.8.3.4 Sample usage: Refer to "Calling Sequence " above.

2.8.3.5 Storage required: Coding occupies 3428 (22610) locations.

2.8.3.6 Error codes and diagnostics: There are no error codes or

diagnostics.

2.8.4 Method.-

2.8.4.1 Statement of algorithms: Initially, tests are made for

values of C being equal to O, FI, and -FI. In these special cases the cal-

culation of A, B, and AZ are very straightforward and the arctangent

equations normally used are bypassed.

IF C = FI, A = w/2, B = w/2, AZ = w/2.

If C = -FI, A = -_/2, B = -_/2, AZ = w/2,

If C = O and I = i, A = 0, B = O, AZ = 7/2 - FI.

If C = 0 and I = 2, A = 7, B = 7, AZ = 7/2 + FI.
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WhenGEOLATwas first coded, there was no arcsine function available
in the function library. Consequently, A is calculated using an arctangent
function, the argument of which is the expression for tangent as a function
of cosecant. The cosecant of A is equal to sin (Fl)/sin (C), and is
given in the address CSCA.The expression for the tangent of A is in
double precision to achieve better accuracy near A = + w/2, where the slope
of the cosecant curve is near zero. The value of A gi--venby the ATAN
function will be in the first quadrant. Proper quadrant allocation is
achieved by subsequent statements testing I and C.

With A defined in the proper quadrant, B and AZ are calculated using
a four quadrant arctangent function (ATAN2), the arguments of which are
designed to provide answers in the proper quadrant.

B = tan-I (tan A cos FI) •

AZ = tan-l[ctn Fl I .[cos A

In all cases, RN is calculated as RA - B, defined between -w and

by calling subroutine HELP.

2.8.4.2 Derivations or references: There are no derivations or

references.

2.8.5 Restrictions.-

2.8.5.1 Range of numbers that can be processed: Refer to the limits

outlined in the section "Arguments".

2.8.5.2 Range of applicability: Subroutine GEOLAT is a routine

designed within the framework of the CIST system. Its use in other pro-

grams must lie within the limits of its definition.

2.8.5.3 Other programs required: Subroutine HELP is required.

2.8.6 Accuracy.- Accuracy is determined in general by the limits

of the system FORTRAN library functions.

2.8.7 Coding information.- All calculations and input and output

are in single precision.
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2.8.8 Listing.-

C

C

C

C

C

C

5J+ROJTINE +LD.AT (=Ip=PRApItAP+pAZ,RN)

INPJT = ;I = INCLINATION

C = DE=_IqATION

RA : RIQHT AS=£NSION

I : _JADRANT INSTRUCTION

;OR A AND 3 IN ;IRST OR =OURTH @UADR_NTS, I:I

=_< A AND 3 IN SECOND OR THIRD QUADRANTS, 1:2

C OJTPJT : A : ARDJMENT PAST ASCENDING NODE

: .ONSITJDE PAST ASCENDING NODE

AZ : AZi_JTH
RN : RigHT ASCENSION OF ASCENDING NODE

C

C

C

C

C

C
A._ ANS.ES ARE IN RADIANS

DOJD._ PR£CiSION CSCA

_I:3.1%159_7

IP(AD_(g).N£,=I) 30 TO I0

AZ:PI/2.0
A:_IS_(_ZpC)
3=A
_0 ro 40

I0 I;(C.N_.O.U) SO TO 30

IFCI.£_.2) QO TO 20

A:U,O

3:O.O
AZ:PZ/2,0-=I
GO TO _0

_J A:P_
3:_1
AZ:PII_.O÷:I

30 CSCA:$1N(=I)/SIN(C)

A:ATAN(I.0/DSQRT(SS=A_CSCA-I.0DO)}
I;(I.ZQ.2} A:_I-A

IF(C,.T,O,O) A:-A

3:ATA;_a(SI_(A)_COS(FI)_COB(A))

AZ:ATA'q2(COS(=I),SIN(=I)_COS(A)}
40 RN:RA-_

RETORI_

END
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2.9 Subroutine HELP

2.9.1 Identification.-

HELP (Quadrant Allocation Routine)'

F. Johnson, January 31, 1968

IBM 7094

FORTRAN IV

2.9.2 Purpose.- Subroutine HELP redefines by mod 2w a given angle

(X) to a value within the interval -9 < X < 7.

2.9.3Usa_  a.-

2.9.3.1 Calling sequence: CALL HELP (X)

2.9.3.2 Arguments:

Par amet er

name

X

In/Out Dimension

In i Real

X Out I

Description

Input angle, in radians, no

limitation in sign or magnitude

Real Output angle, in radians, equal to

the input angle defined in the

interval -9 < X < w by mod 2w.

There is no label common.

Refer to "Calling Sequence" above.

2.9.3.3 Label common:

2.9.3.4 Sample usage:

2.9.3.5 Storage reajlired :

2.9.3.6 Error Codes and diagnostics:

diagnostics.

2.9.4 Method.-

2.9.4.1 Statement of algorithms:

If X > 9, then X = X - 2w until X < w

If X < - 9, then X = X + 29 until X > -w

2.9.4.2 Derivations or references: There are no derivations or

references.

Coding occupies 678 (5510) locations.

There are no error codes or
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2.9.5 Restrictions.-

2.9.5.1 Range of numbers that can be processed: The only limitations

imposed are those set by the hardware and software capability of the

computer. The argument is single precision.

2.9.5.2 Range of applicability: Subroutine HELP is a general routine

that can be used with any program.

2.9.5.3 Other programs required: No other programs are required.

2.9.6 Accuracy.-

2.9.6.1 Method of determination: See "Restrictions".

2.9.7 Codin_ information.- All calculations and input/output are in

single precision.

2.9.8 Listing.-

Sdj_oJrlN-- -IE. _ (X)

T-I_ AN_.Z ×, I_ R_DIANS, IS DE=INED 3ET_E-N +Pl A43 -Pl

PZz3.1_IS927

I0 IF(X._E.Pl} GD TO 20

XzX-2.0_Pl

_0 TO IO

_0 IF(X,_T.(-_L}) _O TO 30

X:×+PI*2,0

_0 TO 2D

60 RZTOR_

END



3.0 SUBROUTINEUPDATE

3.1 Identification.

UPDATE(TLI targeting update routine)
F. Johnson, January 31, 1968
IBM 7094
FORTRANIV

3.2 Purpose

Subroutine UPDATEmodifies TLI targeting elements defined in subroutine
CIST to compensatefor a dispersion in the time of the parking orbit state
vector. This time dispersion isthe difference between the actual, or real
time, time of the parking orbit state vector, and the time defined by CIST
as being necessary for coplanar TLI.

The modification of TLI targeting elements performed in UPDATEis
described in reference 7; it consists of a change in the inertial position

^

of the unit M vector, with no changes in either the hypersurface radius
^

(c) or trajectory energy (C3 or W). The change in M position consists of

a rotation through the angle _ around the angular momentum vector of the

moon as defined at the time of trajectory pericynthion.

In reference 7, several different methods are described for calculating

the angle @. In this version of UPDATE, @ is calculated by the following
equation. (See USAGE for definitions of the variables).

WV_- (WE cos FIV) 1¢ = WM (WM cos FIVTL)
TOIDIS

Subroutine T_PDATE has been essentially unchanged since its original
documentation in reference 8.

3.3 Usage

3.3.i Calling sequence.- CALL UPDATE (TOIDIS)

Previous to calling UPDATE, two things must be done: (I) CIST must

be called, thus defining the variables in the SIMUL block which are input
to UPDATE, and (2) T01DIS must be defined.
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TOIDIS is the time dispersion in hours of th_ input state vector in
earth parking orbit. There can be a great deal of confusion concerning
the sign of TOIDIS. Hopefully, the following detailed definition of TOIDIS
will eliminate or at least reduce this confusion.

TOIDIS=
[_eal time (actual time)] [Time of input parking ]

f input parking orbit I - |orbit state vector de- |
tate vector, in hours | |fined by CIST for co- |

|planar TLI, in hours |[relative to a base time] [relative to a base time|

Consequently, TOIDIS is positive if the actual orbit state vector is late
for coplanar TLI, and negative if it is early.

3.3.2 Arguments.-

Parameter

name In/Out Dimension Type Description

T01DIS In i Real See above

3.3.3 Label common.- All variables are input with the exception of

locations 76, 78, 79, and 80.

Location in

SIMUL block MN_,{ONIC

44 _4

45 XHM

46 YHM

47 ZHM

Description

Angular velocity of the moon, in rad/hr

Cartesian components of the angular momentum

vector of the moon, in e.r.2/hr

58 wv Angular velocity of the vehicle in earth

parking orbit, in rad/hr

59 WE Angular velocity of the earth's rotation,

in rad/hr

60 FIV

61 FIVI'L

Inclination of the earth parking orbit to

the earth's equator, in radians

Inclination of the trajectory plane at

perigee to the MOP for coplanar TLI, in

radians. FIVTL is defined as negative if

the trajectory is going below the MOP.
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Location in
SIMULblock

63

MNEMONIC

C3

64 RA3

67 F_H

68 YMH

69 ZMH

71 RNV

74 AI

76 DEL

78 XUMH

79 YUMH

80 zu_m

Description

^

Declination of the M target vector defined

by CIST for coplanar TLI, in radians

^

Right ascension of the M target vector

defined by CIST for coplanar TLI, _n

radians.

-w < RA3 <

Cartesian components of the original unit
^

M TLI target vector as output by CIST for

coplanar TLI.

Right ascension of the ascending node of

the earth parking orbit on the earth's

equator, in radians.

-w < RNV < w

Argument in the earth parking orbit plane

of the input state vector, past the ascend-

ing node on the earth's equator, in radians.

-w <AI < w

^

6, the latitude of the updated unit M TLI

targeting vector relative to the dispersed

parking orbit plane, in radians.

Cartesian components of the updated unit
^

M TLI targeting vector.

3.3.4 Sample usage.- Refer to "Calling Sequence" and Label Common"

above.

3.3.5 Storage required.- Coding occupies 10218(52910) locations.

3.3.6 Error codes and diagnostics.- There are no error codes or

diagnostics.



84

3.4.1

radians (PSI)and degrees (PSID).

3.4 Method

Statement of al_orithms.- The angle @ is calculated in both

(Wlf_ (WE cos FIV)PSI = WM --(WM cos FIV_fL)J

PSID = PSI 57.29578

TOIDIS

^

The original M target vector defined in CIST (denoted below as M )
o

is then rotated around the angular momentum vector of the moon (denoted

below as _) by the angle PSI to the updated position (denoted below as

A °M sinPSI--ACos SI(AM = m o_+ (H ×M ) + _×M ) ×

u l_ml 2 m i_ml m o i_ml 2 m o

Mu)

The angular momentum vector, _v' corresponding to the parking orbit

state vector with the time dispersion is calculated. An intermediate

variable, DISRNV, which is the right ascension of the ascending node of

the parking orbit plane with time dispersion, is used in doing this.

DISRNV = RNV + (W_)(TOIDIS)

HV = sin FIV sin DISRNV
x

HV = -sin FIV cos DISRNV
Y

HV = cos FIV
z

The angle DEL is then calculated as w/2 less the angle from Hv to Mu,

in radians and degrees (DELD). For printout purposes, the right ascension
^ ^

and declinations of M and M are calculated.
o u

For checkout purposes, the central angle CAR, in radians, (CA is in

degrees) between M and M is calculated. This angle should be closeveryo u

to PSI in both magnitude and sign.
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Finally, the angle ARC in the parking orbit plane from the state

vector with the time dispersion to the perpendicular plane containing H
^ V

and M is calculated in radians and degrees (ARCD). In doing this, the
U

position vector, POV, corresponding to the time dispersion orbit state
vector is defined.

CALL GEOARG (FIV, AI, DISRNV, AZI, BI, CI, RAI)

POV = cos CI cos RA1
x

POV = cos C1 sin RA1
Y

POV = sin C1
Z

ARC is then calculated as the angle from _to (H_v x Mu) less w/2.

The hypothetical coast time, CT, in orbit over ARC is then calculated as

ARC/ .

It is important not to confuse ARC and CT with the coast arc and time

in orbit from the input orbit state vector to the beginning of the TLI

thrust maneuver. In order to calculate these values, it is necessary to

know the value of the angle _, which is measured in the parking orbit plane

from the beginning of the TLI maneuver to the perpendicular projection of
^

M
U

The value of a calculated in TLIMP for CIST is for coplanar TLI only

and is not applicable to plane change TLI's, which will occur whenever

is not zero.

3.4.2 Derivations or references.- See references 7 and 8.

3.5 Restrictions

3.5.1 Range of numbers that can be processed.- This is to be

determined.

3.5.2 Range of applicability.- Subroutine UPDATE is a specialized

routine for use only with the CIST package.

3.5.3 Other programs required.- Subroutines ANGLE, CROSS, and GEOARG,

HELP are also required.



86

3.6 Accuracy.- Accuracy is to be determined.

3.7 Codin_ information.- All calculations and input and output are

in single precision.

3.8 Listing.-

SJ_ROJTINE

80MMON I Sl

DIMenSION

EQJIV_.EN_E (

E@JIVA.EN_E (

E_JLVA.ENSE (

E@JIVA_EN_E (

EQJIVA.ZN_E (

EQJIVA.ENOE (

EQJIVA.ENS£ (

EQJIVA_EN_E (

EQJIVA_ENZE (

EQJIVA_ENSE (

E@JIVA.ENSE (

EQUiVA_INSE (

EQJIVA_ZN_E (

E@JIVA_EN_E (

EQJIVA_ZN_E (

E@JIVAuEN_Z (

EQJIVA_EN_Z (

EQJIVA.ENSE (

PIz_.IVi5927

DPR:57,2957_

JPDATE (TOIDIS}

_J- / _RE(30),XMS(25),TAR(25}tTRAJ(20)

JV(3),HV(5)pDJ_(5)

(X_5(1_)_@_)

TAR(3)_V)

TAR(_),_E)

TAR(5),=IV)

TAR(B),:IVTL)

TAR(B),C3)

TAR(9),RA3)

TAR(12)_XMH}

FAR(13)_YMH)

TAR(14)_ZMH)

TAR(lO)_RqV)

TAR(19),AI)

TAR(21),3EL)

TAR(2_)_XJMH)

TAR(25)_ZJMH)

PSIz_M*TOIDIS_((@V-_Z_OS(TIV))/(_V-_M,COS(TIVTL}))

_SIDzPSI,D_R

DOT:×MH*XHM+YgH,YHM+ZqH_ZHM

HOM=S_RT(HDMS_)

_OI:DOT/HOM5@

COE:=I_iPSI)IHDM

gO3:COS(PSI)IHO_SQ

KCImYHq*ZMH-ZHM_YqH

YCIzZHM#XMH-XHM#ZMH

ZCizXH_#YMH-YHM*XMH

(L_sting continued on next page)
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×C2=YCZ*ZHM-ZCZ_YHM
YC_=ZCZ*×HM-×GZ*ZHM
ZC2=×CZ*YHM-YCZ*×HM
XJMH=COI*XHM+CO2*XCI+COG*XC2

YUMH=COI*YHM+CO2_YCI+COG*YC2

ZU_HzCOI*ZHM+CO2*ZCl+CO3*ZC2

THE FOLLOaIN3 STATEMZNTS ARE FOR THE CALCULATION OF ]ELTA AND

OTHER PARAMETERS OF INTEREST

900

)ISRNV:RNV+WE_TOI]15

CALL HELP ()ISRNV)

HV(i}:SIN(=IV)*51N(_I5RNV)

HV(2):-SIN(FIV)_COS(]ISRNV)

HV(5):COS(FIV)
CAL_ CROSS (HV,XUMH,]JM)

3A_ ANGLE (HV_XJMHp]UM,DZLPDELD)
]E_:PI/2,0-]E.

RA33:RA3*GPR

C3_=C3*]PR
RAGJ=ATAN2(YJM_wXUMH)_]PR

C3U=ATAN(ZJMH/SORT(XJMH*XUMH+YUMH*YUMH))*DPR

CAL_ ANGLE (XMH_XUMHpXHMPCARpCA)
CA_ _OAR3 (:IV,AIPDISRNV,AZI,BIwCIfRAI)
POV(1):EOS(31}*COS(R_I)

POV(3):SIN(CI)

CAL_ ANGLE (POV,]_M,HV,ARC,AR:_}

ARC:ARC-PI/2.0

CA_ HELP (ARG)

ARC_=ARC*GPR

CTzARC/_V
_RITZ (5,900) TOI]IS,PSID,CGD,RAGD,CSU,RAGJ,CA,DELD,ARCD_CT

FORMAT(IH1///51H DISPERSION IN HO_RS OF THE ORBIT 5TAT_ VZCT
lOR/ImX,35H=RDM THZ VA:JZ mRZSCRIBED BY CIST =,:13.B,GBX,

_H]_C:,ZGX,SHRYTAS//W_X,SHPSI :,FIS.B_I5X_ISHORIBINAL MHAT_2FIB.B

5/B2X,13H_P]AT_] MHAT,2FIB.B/
9X,_2HCENTRA_ ANGLE BETWEEN MHAT DEFINED BY CIST/

5 31X_23HAN] THE UPDATED MHAT :,FIG.B/IW6X_SHDE.TA :_:13.B//

5 51d ARC FROM ORBIT STATE VECTOR, WITH TIME ]ISmERSION,/

I 7X,_MHTO THE P_ANZ CONTAINING UPDATED WHAT AN] THE/

B 15X_3_HANGJ_AR MOMENTUM VECTOR OF THE MOON =,_13.B//

951H HYPOTHZTICA COAST TIME, IN HOdR5, OVER THE ABOVE/

27X_27HAR3 IN THE PARKING ORBIT =,FIE,B)

RETdRN

EN3
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4.0 SUBROUTINES OF UPDATE

4. i Subroutine ANGLE

4.1.1 Identification.-

ANGLE

F. Johnson, January 31, 1968
IBM 7094

FORTRAN IV

4.1.2 Purpose.- Subroutine ANGLE calculates the angle between two

3-space vectors VECI and VEC2. This angle is defined between -w and w.

The proper quadrant of the angle is determined by the orientation of VECI

and VEC2 with respect to a third 3-space vector VEC3.

4.1.3 Usage.-

4.1.3.1 Calling sequence:

4.1.3.2 Arguments:

Parameter

name In/Out Dimension

VECI In 3

VEC2 In 3

VEC3 IN 3

XR Out i

CALL ANGLE (VECI, VEC2, VEC3, XR, XD)

Type Description

Real Input vector

Real Input vector

Real Input vector

Real

XD Out i Real

4.1.3.3 Label common:

4.1.3.4 Sample usage:

4.1.3.5

Angle between VECI and

VEC2 in radians.

-w <XR < w

Angle between VECI and

VEC2 in degrees.

-180 ° < XD < 180 °

There is no label common.

Refer to "Callmng Sequence" above.

Storage required: Coding occupies 1168(7810 ) locations.
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4.1.3.6 Error codes and diagnostics: There are no error codes or

diagnostics.

4.1.4 Method.-

4.1.4.1 Statement of algorithms : First, using a four quadrant

arctangent function (ATAN2), the angle XR from VECI to VEC2 is calculated.

The numerator of the ATAN2 argument is the magnitude of VECI × VEC2, the

address of which is H(4). The denominator of the ATAN2 argument is the

dot product of VECI and VEC2, the address of which is DUM. H(4) is always

positive but DUM can have negative or positive values. Thus, the value of

XR given directly by the ATAN2 function will always be in the first or

second quadrants. This value of XR is not redefined if the angle between

VEC1 x VEC2 and VEC3 is less or equal to w/2. This condition is tested

by redefining DUM as the dot product of VEC1 × VEC2 and VEC3, and then

testing the sign of DUM. If DUM is negative, indicating that the angle

between VEC1 × VEC2 and VEC3 is between w/2 and w, XR is redefined as -XR.

XD is then defined as the equivalent of XR in degrees. VEC3 can be con-

sidered as representing the direction of "up", and XR is the angle from

VEC1 to VEC2, measured in a counterclockwise direction around VEC3.

VEC3 (indicates direction of "up")

Plane perpendicular

to VEC3 _ _ J XR

XR<0

VEC2 with XR > 0

>0

VEC2 with XR _ 0
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4.1.4.2 Derivations or references: There are no references or
derivat ions.

4.1.5 Restrictions.-

4.1.5.1 Range of numbers that can be processed: Any vectors repre-

sented in Cartesian coordinates can be processed.

4.1.5.2 Other programs required: CROSS, DOT are also required.

4.1.6 Accuracy.- The limits of accuracy will be imposed by the system

FORTRAN library functions.

4.1.7 Coding information.- All computations and input and output are

in single precision.

4.1.8 Listing.-

5J3_OJ[INZ &N3_£ (VZCIpVZ=2,VZC3,X_,×3)

DI_£N310N V_CI(3),V_S2(3),VZC3(3),H(5)

CA_ C_OSS (VZCI,VZ_2,H)

CA_. 30T (VZCI,VZC2,DJ_)
XRzA[A_2(g(_),DJ_)

CAL_ DOT (4,VZ_3,DJ_)

XD:X_57.29579

R£1JRN

END

4.2 Subroutine DOT

4.2.1 Identification.-

DOT (Vector Dot Product Routine)

F. Johnson, January 31, 1968

IBM 7094

FORTRAN IV

4.2.2 Purpose.- Subroutine DOT computes the dot, or scalar, product

of two given 3-space vectors.

4.2.3 Usage.-

4.2.3.1 Calling sequence: CALL DOT (VECI, VEC2, X)



4.2.3.2

Parameter

name

VECI

VEC2

X

4.2.3.3

4.2.3.4

4.2.3.5

4.2.3.6

Arguments :

In/Out

In
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In

Out

Label common :

Sample usage :

Dimens ion

3

3

I

Type Des cription

Real Input vector _'_"

Real Input Vector "B"

Real Scalar product

There is no label common.

Refer to "Calling Sequence" above.

Storage required: Coding occupies 648(5210) locations.

Error codes and diagnostics: There are no error codes or

diagnostics.

4.2.4 Method.-

4.2.4.1 Statement of algorithms :

A. B=X

where _ and B are given vectors and X is the magnitude

4.2.4.2

references.
Derivations or references: There are no derivations or

4.2.5 Restrictions.-

4.2.5.1 Range of numbers that can be processed:

in single precision.

4.2.5.2 Range of applicability:

single precision dot product routine.

Arguments must be

Subroutine DOT is a general purpose

4.2.7 Codin 6 information.- All computations and input and output are

in single precision.

4.2.5.3 Other programs required: No other programs are required.

4.2.6 Accuracy.- Accuracy is limited only by the hardware/software

limitations of the computer.
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4.2.8 Listing.-

SJBROJIZNE DOT (VECi,VEC2,×)

DI_g_SION VECI(3),VEC2(3)

X=VECI(1)*_EC2(1)+VECI(2)*VEC2(2)÷VECZ(3)_VEC_(3)

REIJRN

END

4.3 Subroutine CROSS

4.3.1 Identiification.-

CROSS (Vector Cross Product Routine)

F. Johnson, January 31, 1968

IBM 7094

FORTRAN IV

4.3.2 Purpose.- Subroutine CROSS computes the single precision cross

(or vector), product of two given 3-space vectors. The magnitude and its

square are also returned with the 3-space product.

4.3.3 Usage.-

4.3.3.1 Calling sequence: CALL CROSS (VECI, VEC2, VEC4)

4.3.3.2 Arguments:

Parameter

name In/0ut Dimension Type

VECI In 3 Real

VEC2 In 3 Real

VEC4 Out 5 Real

Description

Input vector "_"

Input vector "B"

The first three locations

are the vector cross pro-

duct

VEC4(4) = Magnitude of

the vector

cross product

VEC4(5) = The square of

the magnitude
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4.3.3.3 Label common: There is no label common.

4.3.3.4 Sample usage: Refer to "Calling Sequence" above.

4.3.3.5 Storage required: Coding occupies 1448(10010) locations.

4.3.3.6 Error codes and diagnostics: There are no error codes or
diagnostics.

4.3.4 Method.-

4.3.4.1 Statement of algorithms: Initially the cross product of

the input 3-space vectors is computed.

where A and B are given vectors and C is a vector of magnitude

sinL

and direction such as defined by the right-hand rule. Then the magnitude

It( and its square I_I 2 are computed.

4.3.4.2 Derivations or references: There are no derivations or

references.

4.3.5 Restrictions.-

4.3.5.1 Range of numbers that can be processed: Arguments must be

single precision.

4.3.5.2 Range of applicability: Subroutine CROSS is a general purpose

vector cross product routine.

4.3.5.3 Other programs required: No other programs are required.

4.3.6 Accuracy.- Accuracy is limited only by the hardware/software

limitations of the computer.

4.3.7 Codin5 information.- All calculations and input and output are

in single precision.
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4.3.8 Listing.-

SJ_ROJFINZ _ROSS (VZ_I,VEC2,VZC3)

)I_Z_SIO_ V_CI(5),VZC2(3)pVEC3(5)

V_C_(1)=VZ_I(2)_VZ_2(3)-VZCI(3)_VZC2(2)

VZC_(2)zVZ$1(3)_VZC2(1)-VZ_I(1)_VZC2(3}

VEC3(5)zVZ_I(1)_VZC2(2}-VZ_I(2)_VZC2(1)

VEC3(5)=VZC3(1)_VZC3(1)+VZC3(2)*VEC3(2)÷VEC3(3)_VZC3(3}

VECJ(4)zS@RT(VZ_3(_))

RZTJRN

EN3

4.4 Subroutine HELP

This subroutine is identical to the subroutine HELP called by CIST.

Refer to section 2.9 for a detailed description.
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5.0 THE USE OF SUBROUTINES CIST AND UPDATE IN PROVIDING

FIRST GUESSES FOR THE RTCC PROCESSOR

The generation of first guesses for the RTCC TLI processor occurs in

the following five sequential steps, which will be described in detail in
the order of their occurrence.

i. Initialization before calling CIST.

2. Call CIST.

3. Initialization before calling UPDATE.

4. Call UPDATE.

5. Use of UPDATE output.

5.1 Initialization Before Calling CIST

Before CIST cam be called, several things must be dome.

First, the input data must be loaded into the PRE array of the SIMUL

common block with proper units (section 1.3).

Second, the ephemeris must be initialized relative to a base time

specified by PRE(1), PRE(2), and PRE(3). The times of all state vectors

in CIST are measured relative to this base time, which is the midpoint of

the 24-hour period within which the time of the input parking orbit state
vector is to be defined.

Third, the right ascension of Greenwich (RAGBT) at zero hours (at

base time) must be defined, in radians. RAGBT is the only variable in the

calling argument of CIST.

5.2 Call CIST

Assuming successful convergence, CIST will define the following, for

coplanar TLI :

i. Time (TI) of the input parking orbit state vector.

2. State vectors at the beginning and end of the TLI thrust maneuver.

3. Perigee state vector of the translunar trajectory.

4. All TLI targeting elements, including characteristic velocity.

5. Time of pericynthion.
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5.3 Initialization Before Calling UPDATE

Immediately after control has returned to the program calling CIST,

the convergence index COI (see TAR(l) in section 1.3) should be interrogated.

Successful convergence is indicated by COI= 0.0.

If CO1 _ 0.0, CIST did not converge successfully and the output of

CIST should be disregarded. In these unconverged cases with the present

version of CIST, there are two alternatives, both of which leave much to

be desired. The user can either input a different input parking orbit

state vector and/or a different pericynthion position of the simulated

trajectory, and then call CIST again.

Assuming successful CIST convergence, all that has to be done before

calling UPDATE is to define the time dispersion (TOIDIS) of the input

parking orbit state vector. As defined in section 3.1, TOIDIS is the

difference in hours between the real time, actual, time of the input parking

orbit state vector and that time defined by CIST as being necessary for

coplanar TLI. This latter time for coplanar TLI, is denoted as T1 and is

stored in location 57 in the SIMUL block, TAR(2). The sign of TOIDIS is

very important.

freal time (actual)time]

TOIDIS = lof input parking orbit | - T1

[state vector ]

Both of the times in the right member of the above equation are meas-

ured relative to the G.m.t. base hour stored in PRE(3). If the G.m.t. base

hour is input as the actual time of the parking orbit state vector, the

first term in the above equation becomes zero, and the calculation of

TOIDIS becomes greatly simplified, as indicated by the following equation:

T01DIS = -TI

It should be pointed out that the shorter the coast time in orbit,

from the input state vector to the beginning of TLI, the more accurate is

the T1 defined by CIST. Consequently, the values of TOIDIS given by the

above equations for input parking orbit state vectors which are approxi-

mations to the beginning of TLI, will be relatively accurate. This is

because in the present version of CIST, the parking orbit is very crude,

being calculated as inertially fixed and perfectly circular. Needless to

say, values of TOIDIS given by the above equations for an insertion state

vector will be relatively inaccurate.
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5.4 Call UPDATE

As described in section 3.1, calling UPDATE will modify the position
^

of the M TLI target vector defined in CIST for coplanar TLI, to compensate

for the dispersion TOIDIS of the time of the input parking orbit state

vector.

5.5 Use of UPDATE Output

The TLI targeting elements defined by CIST and UPDATE which should

be used in subsequent real-time mission planning are the following:

I. S, the perigee hypersurface radius [location 65 in SIMUL block,

TAR(IO)].

2. W, the trajectory energy at perigee [location 66 in SIMUL block,

T_(ll)].

^

3. The updated unit M TLI target vector [Cartesian components in

location 78, 79, 80 in SIMUL block, TAR(23, 24, and 25)].

^

It is unfortunate that S, W, and M are not the independent variables

used in subsequent iterative trajectory calculations. The independent

variables commonly used are S, W, CTI0 (coast time in parking orbit from

the dispersed orbit state vector to the beginning of TLI), and DEL (6, the
^

latitude of M relative to the dispersed parking orbit plane).

To begin an iteration using S, W, CTI0, and DEL as independent vari-

ables, it is first necessary to calculate values of CTIO and DEL which are
^

compatible with the updated M. To calculate this initial value of CTI0,

it is necessary to know the angle a, which is the angle in the parking

orbit plane from the beginning of TLI to the perpendicular projection of
^

M.
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Dispersed

parking orbit

ir ", _ defined y UPDATE

(CTIO is the coast

time over this angle)

It is imperative that the angle a, used in this calculation of initial

CTIO, be calculated by the same TLI simulation which will be used to cal-

culate a and the other dependent TLI simulation variables in the subsequent

iteration. If this is not done, the initial CTIO will not be compatible
^

with the M defined by UPDATE, and the first trajectory in the iteration

will not be as good a beginning as it could be.

A sufficiently accurate value of CTIO can be calculated by the follow-

ing equation :

ARC - a
CTIO =

WV

ARC is the angle in the parking orbit plane from the dispersed state
^

vector to the perpendicular projection of M (see figure above), and WV is

the angular velocity of the vehicle at the dispersed state vector. Given
^

the update M and the dispersed parking orbit state vector, the calculation

of the angles ARC and DEL are straightforward problems in trigonometry and

vector analysis. These calculations of ARC and DEL are performed in
UPDATE.
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In addition, the hypothetical coast time (CT) in hours over the angle

ARC is calculated in UPDATE.

ARC
CT =

WV

In this calculation, the value of WV used is that of a circular orbit

having the radius of the dispersed state vector. However, the wisdom of

calculating CT in UPDATE is questionable, for invariably someone confuses

CT with CTI0, regardless of how plainly CT is defined in the UPDATE

printout.
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